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Rethinking the polar cap: Eccentric dipole structuring of ULF
power at the highest corrected geomagnetic latitudes
Kevin D. Urban1 , Andrew J. Gerrard1 , Louis J. Lanzerotti1 , and Allan T. Weatherwax2
1 Center for Solar-Terrestrial Research, New Jersey Institute of Technology, Newark, New Jersey, USA, 2 School of Science

and Engineering, Merrimack College, North Andover, Massachusetts, USA

Abstract The day-to-day evolution and statistical features of Pc3-Pc7 band ultralow frequency (ULF)
power throughout the southern polar cap suggest that the corrected geomagnetic (CGM) coordinates do
not adequately organize the observed hydromagnetic spatial structure. It is shown that that the local-time
distribution of ULF power at sites along CGM latitudinal parallels exhibit fundamental diﬀerences and that
the CGM latitude of a site in general is not indicative of the site’s projection into the magnetosphere. Thus,
ULF characteristics observed at a single site in the polar cap cannot be freely generalized to other sites
of similar CGM latitude but separated in magnetic local time, and the inadequacy of CGM coordinates
in the polar cap has implications for conjugacy/mapping studies in general. In seeking alternative,
observationally motivated systems of “polar cap latitudes,” it is found that eccentric dipole (ED) coordinates
have several strengths in organizing the hydromagnetic spatial structure in the polar cap region. ED
latitudes appear to better classify the local-time ULF power in both magnitude and morphology and
better diﬀerentiate the “deep polar cap” (where the ULF power is largely UT dependent and nearly free
of local-time structure) from the “peripheral polar cap” (where near-magnetic noon pulsations dominate
at lower and lower frequencies as one increases in ED latitude). Eccentric local time is shown to better
align the local-time proﬁles in the magnetic east component over several PcX bands but worsen in the
magnetic north component. It is suggested that a hybrid ED-CGM coordinate system might capture the
strengths of both CGM and ED coordinates. It is shown that the local-time morphology of median ULF power
at high-latitude sites is dominantly driven by where they project into the magnetosphere, which is best
quantiﬁed by their proximity to the low-altitude cusp on the dayside (which is not necessarily quantiﬁed by
a site’s CGM latitude), and that variations in the local-time morphology at sites similar in ED latitude are due
to both geographic local-time control (relative ampliﬁcation or dampening by the diurnal variation in the
local ionospheric conductivity) and geomagnetic coastal eﬀects (enhanced power in a coastally mediated
direction). Regardless of cause, it is emphasized that the application of CGM latitudes in the polar cap region
is not entirely meaningful and likely should be dispensed with in favor of a scheme that is in better accord
with the observed hydromagnetic spatial structure.

1. Introduction
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Ground-based magnetometers situated at the highest geomagnetic latitudes are in the position to study
hydromagnetic features of the outermost boundaries of the magnetosphere and of open ﬁeld lines (those
geomagnetic ﬁeld lines merged with the interplanetary magnetic ﬁeld (IMF)). However, despite the frequent
presence of broadband and narrowband ultralow frequency (ULF) hydromagnetic power at cusp latitudes
[e.g., Ballatore et al., 1998b] and deeper into the polar cap [e.g., Yagova et al., 2002, 2004], the structure and
dynamics of the hydromagnetic polar cap and how these features relate to ionospheric and magnetospheric
regions observed by spacecraft is not well understood (e.g., see the reviews by Pilipenko and Engebretson
[2002] and Engebretson et al. [2006]).
Early ground-based studies at cusp latitudes aimed to characterize the hydromagnetic ULF activity and
utilize this characterization in describing global features of the magnetosphere (e.g., as reviewed and referenced in Troitskaya et al. [1980], Troitskaya [1985], and Troitskaya and Bolshakova [1988]). These early studies
found that changes in cusp structure and dynamics are associated with changes in long-period irregular
pulsations (3–10 min periodicities) in the polar cap, which the authors called irregular pulsations at cusp
latitude (IPCL)—now more commonly known as broadband Pc5-6/Pi3 pulsations. Using this association,
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Bolshakova et al. [1975] and Troitskaya and Bolshakova [1977] looked at ways to utilize the cusp latitude broadband Pc5-6/Pi3 pulsations to monitor the dayside cusp. Bolshakova et al. [1975] claimed to be able to identify
the polar boundary of the cusp with signatures in their ground-based ULF data.
Wolfe et al. [1996] and Papitashvili et al. [1996] both reported on high-latitude hydromagnetic ULF wave observations that were quoted as new discoveries, indicating that such ground-based studies of the hydromagnetic
polar cap were more or less still considered in their infancy 20 years later. Using magnetometers situated
between 77.2∘ S and 83.3∘ S corrected geomagnetic (CGM) latitude (CGMLat), Papitashvili et al. [1996] reported
on low-magnitude (3–5 nT), long-period (15–17 min) magnetic pulsations deep in the southern polar cap,
which appeared to be exclusive to northward IMF conditions during austral winter, but which additional
high-latitude magnetometer data from the Northern Hemisphere showed to occur during the equinoxes as
well. They noted that similar Pc6 band pulsations did not appear in the variations of the IMF. It is possible they
were observing Pc5-6 resonances on extended closed ﬁeld lines [Mathie and Mann, 2000; Urban et al., 2011].
Alternatively, Wolfe et al. [1996] argued that the hydromagnetic ULF waves they observed—large-amplitude
(10–20 nT) Pc5 waves—occurred on open ﬁeld lines. On a moderately quiet day (Mean(Kp) ≈ 3.67) in austral
winter, Wolfe et al. [1996] took advantage of the wide (∼75∘ ) separation in CGM longitude (CGMLon) at 80∘ S
CGMLat provided by the recently deployed Automated Geophysics Observatories (AGOs) AGO1 and AGO4 in
conjunction with the magnetometer at McMurdo Station (MCM), to synoptically investigate the high-latitude
azimuthal structure of hydromagnetic activity. The authors show three instances of Pc5 waves observed concurrently at all sites. Using particle precipitation data from a nearby polar-orbiting spacecraft during these
three diﬀerent intervals (two when the magnetometers were in the dusk/premidnight sector, one when they
were in the dawn sector), the authors argue that all three sites were likely on open ﬁeld lines.
Instead of relying on the availability of nearby spacecraft observations or the verity of mapping techniques,
it is desirable to be able to use data from ground-based magnetometers themselves as a means of delineating between open and closed geomagnetic ﬁeld lines, as Bolshakova et al. [1975] attempted to do. However,
this has been a nontrivial pursuit. Later studies have shown that though broadband Pc5-6/Pi3 ULF activity at
high latitudes is often associated with the cusp, it is unlikely that there exist broadband Pc5-6/Pi3 signatures
unique to the cusp/cap boundary or the open/closed ﬁeld line boundary (OCB) in general [e.g., Engebretson
et al., 1995; Pilipenko and Engebretson, 2002; Engebretson et al., 2006; Pilipenko et al., 2015]. For example,
Pilipenko et al. [2015] compared the broadband Pc5-6/Pi3 maxima along the Svalbard/IMAGE meridian chain
of magnetometers (ranging between 67.2∘ N and 80.9∘ N CGMLat) to cusp location identiﬁcations derived from
three independent methods (overhead SuperDARN radar beam data, model prediction [Newell et al., 2006],
and particle precipitation boundary identiﬁcations), showing that the IPCL maxima occur 1–5∘ equatorward of the cusp. Other studies have demonstrated that instead of irregular, broadband Pc5-6/Pi3 pulsations,
narrowband Pc5-6 pulsations could possibly indicate this dayside OCB [e.g., McHarg et al., 1995; Ables et al.,
1998; Lanzerotti et al., 1999] and possibly on the nightside as well [Urban et al., 2011].
Since features identiﬁed at the highest geomagnetic latitudes likely can speak to the nature of hydromagnetic
activity on open ﬁeld lines, if progress is to be made on using high-latitude ground-based magnetometer
data to delineate between open and closed ﬁeld lines, it is imperative that very high latitude data itself be
thoroughly investigated, presumably as a function of CGMLat and magnetic local time (MLT) [e.g., Yagova
et al., 2002] and correlated and compared with colocated instrumentation [e.g., Weatherwax et al., 1997]. If
one can show that unique hydromagnetic signatures exist in the polar cap, it remains possible that such
ground-based magnetometer data sets could be used for open/closed ﬁeld line and/or boundary determination. In this regard, ULF signatures unique to the polar cap have been identiﬁed by Yagova et al. [2002], who
used a CGM-meridional chain of four magnetometers in Antarctica ranging between ∼69∘ S and 87∘ S CGMLat
in eﬀort to characterize and compare auroral, cusp, and cap latitude broadband Pc5-6/Pi3 (speciﬁcally,
periodicities between 3.33 and 16.67 min). Both statistically and in selected case studies, Yagova et al. [2002]
depicted how various spectral features change along this magnetic meridian during nighttime hours, showing that (1) there exists a minimum in Pc5-6/Pi3 ULF power near ∼80∘ S CGMLat in their data, (2) that auroral
latitudes generally housed more higher-frequency ULF content than found in the nominal polar cap, (3) that
the broadband polar cap oscillations were coherent among the three cap sites along the magnetic meridian, and (4) that such oscillations were decoupled from similar phenomena at auroral latitudes. Importantly,
item (4) tells us that the polar cap supports ULF waves that are independently sourced, not simply residual
activity from auroral latitudes; previous to Yagova et al. [2002], the polar cap was often considered to be
URBAN ET AL.
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hydromagnetically quiet, any observed ULF power being residual of auroral region ULF waves (e.g., see review
by Engebretson et al. [2006]). To ensure that these ULF waves observed in Yagova et al. [2002] were unique to
the polar cap, Yagova et al. [2004] looked at data from a scattered network of 16 ground-based magnetometers in Antarctica to study the synoptic distribution of broadband Pc5-6/Pi3 power in the summertime polar
cap. They were able to further verify that the hydromagnetic polar cap is not merely a residual phenomenon
from lower latitude hydromagnetic activity.
The high-latitude region in both the Northern and Southern Hemispheres is diﬃcult to populate with magnetometers, so we often rely on studies like Yagova et al. [2002] which use several magnetometers to characterize
the entire polar cap. In this vein, many studies use a single magnetometer at a given high-latitude CGMLat to
statistically characterize that CGMLat as a function of magnetic local time (MLT) as if it is representative on all
other points of the parallel. Expanding upon this, chains of magnetometers along a given CGM meridian have
been used to construct CGMLat/MLT maps of ULF activity with the assumption that these maps are directly
applicable to sites located away from the chain. The assumption is that such generalizations can fruitfully be
made using CGM coordinates.
However, these assumptions might not hold, as indicated in the plots found in Ballatore et al. [1998b], where
the authors use an azimuthal array of four ground-based magnetometers at 80∘ S CGMLat to statistically characterize high-latitude Pc5 power at this CGMLat. The Pc5 power was found to be higher during local summer
than during the local winter, a feature they ascribed to the increased ionospheric conductance during the
sunlit summer season. They further showed that the dayside summertime enhancement was more signiﬁcant
than that found on the nightside, attributing this to the seasonally dependent location of the magnetospheric cusp. However, as noted by Yagova et al. [2004], Ballatore et al. [1998b] did not elaborate much on the
observation that the statistics at each site did not conform to each other very well.
Much deeper into the nominal CGM polar cap, Detrick and Lanzerotti [2001] also observed diﬀerences in their
statistical characterization of geomagnetic activity at two high-latitude Antarctic sites (AGO5 and AGO6) residing on nearly the same CGMLat (∼86∘ S) but separated in MLT by 12 h. The authors looked at the time series
data from AGO5 and AGO6 to study geomagnetic quiet time (Sq) variations at very high geomagnetic latitudes. Analysis of the data from both sites suggested that Sq variations near the CGM pole is a factor of 2
or more than quoted by concurrent Sq models, independent of season, but that the variations were much
stronger at AGO6. Similarly, by comparing 1 month averages of spectral and cross-spectral features at AGO5
and AGO6, Yagova et al. [2004] highlighted a discrepancy in the Pc6/Pi3 band as well: they found that the average power at AGO6 takes on a MLT dependence characteristic of sites at ∼80∘ S CGMLat rather than resemble
the average ULF power at AGO5. Detrick and Lanzerotti [2001] interpreted the observed azimuthal asymmetry
at AGO5 and AGO6 as indicative of large diﬀerences in the deep mantle conductivity at the two sites, while
Yagova et al. [2004] interpreted their diﬀerences as due to the importance of geographic, in addition to CGM,
coordinates in organizing hydromagnetic phenomena at polar cap latitudes.
In this paper, aiming to identify potentially distinguishing open ﬁeld line signatures, we investigate the
day-to-day evolution and statistical features of Pc3-Pc7 band ULF power throughout the polar cap. Speciﬁcally, we look more deeply at the diﬀerences inherent at the two cross-polar, near-CGM-pole sites (which we
refer to as an “asymmetry” in CGMLat). We fairly extensively conﬁrm the likeness between AGO6 and MCM,
and the disparity found between AGO6 and AGO5, across several PcX bands over a range of quiet-to-moderate
geomagnetic conditions. Importantly, these results suggest that if one considers sites very close to the CGM
pole to be fairly representative of ULF power on open ﬁeld lines, then open ﬁeld lines at some locations (like
AGO6) would appear to have no strongly distinguishing features from sites much lower in latitude, while
other locations (like AGO5) would appear to contradict this, showing that hydromagnetic activity in the deep
polar cap is distinct from that observed at peripheral polar cap latitudes. However, one need not assume
that the CGM pole is important in regard to the hydromagnetic structure of the polar cap (and by extension,
CGM coordinates in general). Instead, one can assume it is poorly suited coordinate system for describing the
hydromagnetic structure of the southern polar cap region and infer the structure from observations made
by magnetometers distributed throughout Antarctica. CGM coordinates are familiar and extensively used in
conjugate studies, but it is important to remember that they were not designed for use at very high latitudes
where their application can be misleading [e.g., see Baker and Wing, 1989]. Despite these caveats, CGM coordinates are often used at high latitudes anyway, which can give the false impression that they organize polar
cap sites in a meaningful way—in that, why apply a label if the label is meaningless?
URBAN ET AL.
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Keeping this in mind, one of our central goals in this paper is to seek alternative, observationally motivated
systems of “polar cap latitudes.” Relying on our own analyses and those from past studies, we ﬁnd that the
eccentric dipole (ED) latitudes [see von Biel, 1990] appear to best diﬀerentiate between sites in the deep polar
cap (like AGO5) and sites at the periphery (like AGO6 or MCM). From the ED perspective, in conjunction with
the local time and latitudinal structure in the Pc4, Pc5, Pc6, and Pc7 frequency band power in the horizontal ﬁeld (H), and in the magnetic north (N), magnetic east (E), and vertical (V) components, we ﬁnd that the
azimuthal asymmetries in CGMLat are understandable, especially when considering ionospheric conductivity
and geomagnetic coastal eﬀects [Parkinson and Jones, 1979].
Lastly, independent of how to best resolve the observed azimuthal asymmetries in ULF power at high CGM latitudes, we emphasize that the diﬀerences at AGO5 and AGO6 outlined here (and similar discrepancies at other
sites in Ballatore et al. [1998b], Detrick and Lanzerotti [2001], and Yagova et al. [2004]) highlight that statistical
measures of ULF power derived from one site at a given CGMLat in the southern polar cap are not representative another site at the same CGMLat. One cannot construct 2-D distributions of ULF power in (CGMLat and
MLT) coordinates that is meaningful in CGM longitudinal sectors outside the one in which the data were
collected. Instead, if one is using CGM coordinates, real-time synoptic coverage must be used to characterize the hydromagnetic polar cap. In light of this, the location of AGO6 is extremely important since the
magnetometer distribution in this longitudinal region of CGM coordinates is extremely sparse.

2. Experimental Setup
The U.S. network of ground-based geospace observatories in Antarctica covers a geomagnetic azimuthal
range of ∼187∘ and includes six AGOs (AGO1-AGO6) and two additional instrument suites at the manned
sites South Pole (SPA) and McMurdo Station (MCM). Each site hosts an assortment of instruments, including
a ﬂuxgate magnetometer, which measures the relative variation of the geomagnetic ﬁeld at a 1 s cadence. To
reduce noise, discard extreme outliers (spikes), and account for missing or bad point measurements, the data
streams at all stations are downsampled to a 10 s temporal resolution, resulting in a Nyquist period of 20 s.
(See reviews by Doolittle and Mende [1985], Dudeney et al. [1998], Mende et al. [2009], and Melville et al. [2014]
for more information on the U.S. AGOs.)
In CGM coordinates, the network consists of three quasi-meridional arrays with AGO5 as their common point (see Antarctic map in Figure 1 for reference): (i) AGO5-AGO1-SPA-AGO2 (∼19∘ E CGMLon), (ii)
AGO5-AGO4-AGO3 (∼41∘ E CGMLon), and (iii) AGO5-MCM (∼327∘ E CGMLon). The network also supports two
closely spaced quasi-longitudinal arrays: (i) AGO2-AGO3 (∼70∘ S CGMLat) and (ii) AGO1-AGO4-MCM (∼80∘ S
CGMLat). Lastly—and most importantly for this paper—the network supports a near-polar pair of observatories, separated in magnetic local time by 12 h: AGO5 at ∼87∘ S CGMLat and AGO6 at ∼85∘ . AGO6 last recorded
data in 2001, reducing the current network coverage to a ∼75∘ sector (just smaller than a MLT quadrant at
any given time).
During the interval of this study (days 27–89 of 2001), four of the magnetometers in the U.S. Antarctic network (AGO5, AGO6, MCM, and SPA) recorded uninterrupted vectorial data (see Figure 2); Table 1 gives their
geographic, corrected geomagnetic (CGM), and eccentric dipole (ED) locations. The interval was marked by
mostly mild geomagnetic activity. Of the 51 days prior to day of year (DOY) 78, the maximum daily Kp (Figure 2,
ﬁrst panel) breaches 4.0 on only 8 days (∼15.7%), whereas this occurs on 8 of 12 days between 78 and 89
(∼75%). Over the entire 63 day interval, the maximum daily Kp breaches 5.0 on only 7 days (29, 64, 78, 79,
82, 86, and 87). The median daily Kp reaches or rises above 5.0 on DOYs 79 and 87 only (days in which we
see the largest depressions in Dst during the interval). The median (mean) Kp index over the entire interval
is 1.67 (1.89). The Dst index (Figure 2, second panel) illustrates the 63 day interval as ranging over a diverse
set of quiet-to-moderate geomagnetic conditions, which is useful in understanding polar cap hydromagnetic
dynamics in the absence of extreme events.
For further context, in Table 2 we provide some details concerning ionospheric conductivity and sunlight
conditions for AGO5, AGO6, MCM, and SPA at the beginning (27 January), middle (27 February), and end
(27 March) of the 63 day interval investigated herein. To compute sunlight conditions, we made use of the
NOAA Sunrise/Sunset calculator, available online. Ionospheric conductivities at 100 km were computed using
the climatological model available for use at the World Data Center website, which couples the International Reference Ionosphere (IRI) empirical model [Bilitza et al., 2014] with the NRLMSISE-00 empirical model
of Earth’s thermosphere [Picone et al., 2002] via the neutral-ion collision frequency. We found that the Hall
URBAN ET AL.
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Figure 1. The geographic locations of magnetometer sites in Antarctica used in this study (AGO5, AGO6, MCM, and SPA)
and previous studies, such as Ballatore et al. [1998b], Lepidi et al. [2003], and Yagova et al. [2004]. Geographic latitudinal
parallels are represented by the red dashed curves, while corrected geomagnetic parallels are marked by the blue
dashed curves. Eccentric dipole parallels are indicated by the solid black lines [von Biel, 1990].

and Pedersen conductivities in all computations were consistently proportional to each other (roughly, 𝜎|| ≈
250𝜎H ≈ 5000𝜎P ), and so the maximum-to-minimum ratios for each conductivity were approximately the
same. For brevity then, we only quote the minimum parallel conductivity observed at a site and the corresponding conductivity ratios at magnetic midnight, dawn, noon, and dusk, where CR = 1 indicates geographic
midnight at AGO5, AGO6, and MCM (GLT is ambiguous at SPA).

3. Data Analysis and Observations
3.1. Dynamic Power Spectra
3.1.1. Motivation
Since AGO5 and AGO6 are both at such high corrected geomagnetic latitude (CGMLat), one might presume
both sites are very deep into polar cap. In fact, their locations were speciﬁcally chosen because the CGM pole
was considered to be a meaningful point in the polar cap, and such a setup would allow very high latitude
studies of simultaneous day/night and dusk/dawn responses to various events. If one is to trust that both sites
are deep in the polar cap, then one might presume these sites are “almost always” on open ﬁeld lines and
scour historical data from these sites to identify potential spectral signatures that stand out with respect to
lower latitude sites. However, in two previous statistical studies, diﬀerences in local-time Sq averages [Detrick
and Lanzerotti, 2001] and in local-time averages of ULF power [Yagova et al., 2004] were found between AGO5
and AGO6, which might suggest either that open ﬁeld lines do not have easily distinguishable signatures or
that CGM coordinates do not provide good insight into how a site sits within the polar cap region. Yagova
et al. [2004] further pointed out that AGO6 ULF activity resembled that at MCM and other sites located along
the ∼80∘ S CGMLat parallel.
In order to thoroughly investigate previous statistical observations that show ULF power observed at AGO6
to signiﬁcantly diﬀer from other very high CGM latitude sites, such as AGO5 or VOS, while appearing strikingly
similar to that observed at several lower CGM latitude sites, such as MCM, we ﬁrst compute the horizontal
PNw + ̂
PEw ) and vertical (̂
(̂
PH = ̂
PV ) dynamic power spectra in their entirety at sites AGO5, AGO6, MCM, and SPA,
over a 63 day interval in which all sites (but importantly, both AGO5 and AGO6) had continuous data.
Though vertical spectra are often overlooked or not shown, we will be looking to see whether or not deep
mantle or geomagnetic coastal eﬀects are at play, in which one must analyze both the horizontal and vertical components. Furthermore, in the spirit of letting the observations guide our intuition and understanding
URBAN ET AL.
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Figure 2. Overview of the 63 day interval under study (27 January–30 March 2001). This time frame covers the last
month of austral summer and the ﬁrst month of the equinox season. (ﬁrst to third panels) A general geomagnetic
context characterizing this interval, as indicated by the daily minimum, median, and maximum Kp index (top panel), and
the Dst and AE indices (second and third panels from the top, respectively). (fourth to seventh panels) Ultralow
frequency (ULF) horizontal power (frequency integrated over the Pc3-Pc7 bands) is plotted an hourly function of
universal time (UT) at AGO5 (dark red), AGO6 (light red), MCM (light blue), and SPA (dark blue), which are positioned
from top-to-bottom by their relative corrected geomagnetic (CGM) latitudes (CGMLats), which ranges from as high as
∼87∘ S CGMLat at AGO5 to as low as ∼74∘ S CGMLat at SPA.

of the hydromagnetic structure of the polar cap, we did not want to prematurely rule out distinguishing signatures that could be used in future open/closed ﬁeld line determination schemes. As will become clear, the
vertical component plays a big role in understanding various eﬀects observed in local-time ULF power in the
polar cap region.

Table 1. During the 63 Day Interval Under Study, AGO5, AGO6, MCM, and SPA (Four of Eight Sites in the U.S. Network of
Antarctic Geophysical Observatories) Had Uninterrupted Data Coveragea
Site

GLat

GLon

GLM

MLat

MLon

MLM

MLat∗

MLon∗

MLM∗

ELat

ELon

AGO5

77.24

123.52

16.0

86.85

28.90

3.12

86.70

29.68

3.16

87.2

341.0

6.13

AGO6

69.51

130.03

15.5

84.89

215.52

14.35

84.99

215.13

14.84

83.6

231.2

13.42

MCM

77.85

166.67

13.0

80.01

326.42

7.03

80.01

327.56

7.35

78.6

317.1

7.65

SPA

90.0

000.0

0.0

74.21

18.47

3.75

74.23

18.39

3.93

75.2

9.0

4.38

ELM

a This

table provides their geographic latitude (GLat), longitude (GLon), and geographic local midnight
(GLM = UT − GLT); the JHU/APL AACGM latitude (MLat), longitude (MLon), and local midnight (MLM = UT − MLT)
computed at 100 km for epoch 2000; Shepherd’s ﬁeld line traced AACGM latitude (MLat∗ ), longitude (MLon∗ ), and local
midnight (MLM∗ = UT − MLT∗ ) computed at the same altitude and epoch; and the eccentric dipole latitude (ELat),
longitude (ELon), and local midnight (ELM = UT − ELT) for epoch 2000. All latitudes and longitudes given in ∘ S and ∘ E,
respectively.
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Table 2. Sunlight and Conductivity Conditions Near the Beginning (27 January), Middle
(27 February), and End (27 March) of the 63 Day Interval Under Investigationa

Date
Jan 27

Feb 27

Mar 27

Site

%Daylight

Sunrise-

𝜎||,Min

𝜎Rel

𝜎Rel

𝜎Rel

𝜎Rel

Sunset (MLT)

(mS/m)

MLM

Dawn

MLN

Dusk

AGO5

100%

N/A

28.7

2.61

1.78

1.00

1.49

AGO6

88.5%

0155–2350

15.0

1.00

2.61

5.83

3.61

MCM

100%

N/A

30.7

1.56

1.00

1.52

2.38

SPA

100%

N/A

18.5

1.04

1.04

1.02

1.00

AGO5

75%

1600–1000

6.6

6.83

4.95

1.00

3.35

AGO6

64.6%

0515–2045

2.3

1.00

8.00

25.7

15.3

MCM

77.1%

0845–0315

7.9

3.58

1.00

3.44

5.52

SPA

100%

N/A

12.3

1.06

1.07

1.03

1.00

AGO5

44.8%

1930–0615

1.8

15.8

6.78

1.00

2.94

AGO6

46.9%

0715–1830

1.8

1.00

2.56

21.3

9.00

MCM

45.8%

1230–2330

1.8

4.39

1.00

4.78

14.83

SPA

0%

N/A

3.8

1.03

1.03

1.00

1.00

a For each site, the relative conductivities (𝜎

Rel ) were computed for magnetic local midnight (MLM), dawn, noon (MLN), and dusk by dividing the corresponding conductivity by
the minimum parallel conductivity at that site (𝜎Rel = 𝜎||,MLT ∕𝜎||,MIN ). Due to the roughly
constant proportionality between conductivities (𝜎P ≈ 𝜎H ∕20 ≈ 𝜎|| ∕5000), the relative
values are representative of all three conductivities. Geographic midnight and geographic
noon at AGO5, AGO6, and MCM are associated with the minimum and maximum conductivities, respectively. The climatological ionospheric conductivity model and sunrise/sunset
calculator used herein are both available for online use by the World Data Center (WDC)
and the National Oceanic and Atmospheric Administration (NOAA), respectively.

In addition to looking at the evolution of spectral power at frequencies in the Pc3-Pc6 bands, we wanted to
look at an even lower frequency band which we refer to as the Pc7 band and deﬁne as periodicities between
1 and 4 h to maintain the loose, quasi-logarithmically deﬁned intervals marked by the PcX bands. For such a
band, a minimum window duration of 8 h would be ideal to ensure accurate estimates of the 4 h periodicity.
However, given that a ground-based magnetometer rotates 120∘ over such a long-duration data window,
one risks mixing spatial and temporal eﬀects (i.e., local time diﬀerences in background power over a third of
a day might be confused as temporal evolution). Though the 4 h data window is not ideal for resolving the
4 h periodicity, and frequency power in the Pc7 band still has some potential to be contaminated by spatial
structure, we felt that the compromise was justiﬁed and simply note that the Pc7 band should, in general, be
interpreted with caution. Nevertheless, in much of the analysis below, the local-time power in the Pc7 band
seems to naturally extend what is seen in the Pc6 band and below and helps to classify high-latitude sites as
“peripheral” or “deep” polar cap locations.
3.1.2. Method
Before spectral analysis, each 63 day data stream (NTot = 545, 400 data points, Δt = 10 s) is mean subtracted
and digitally high-pass ﬁltered to remove trends and periodicities with timescales longer than 4 h. We then
subset the ﬁltered time series data into 4 h, mean-subtracted segments, stepped forward in time every hour
(N = 1440 DP, Nstep = 360 DP). This results in Nseg data segments for each component at each site, where
N −N
Nseg = ﬂoor( Ntot + 1) = 1512. To estimate the power spectra for each N point data segment, we start
step
by computing the short-time discrete Fourier spectra using the “overnormalized” forward discrete Fourier
transform (DFT) implemented in IDL:
X w [m, j] =

N−1
1∑
w[k]x[m + k − N∕2]e−2𝜋ijk∕N ,
N k=0

(1)

where m refers to the mth data segment centered at mΔt, j refers to the jth Fourier frequency, fj = jΔf , and
Δf = j∕(NΔt) denotes the DFT frequency spacing. The superscript “w” emphasizes that the DFT spectra of
the data segments x[m + k − N∕2] are dependent on the chosen window function, w[k], which by default is a
rectangle window. To reduce spectral leakage and scalloping loss in our analysis, we mean subtract and apply
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the Hanning window to each time-domain segment prior to computing each DFT, resulting in Nseg modiﬁed
periodograms for each given data stream:
PXw [m, j] = c|X w [m, j]|2 ,

(2)

where c is a constant dependent on the type of forward DFT that is used, the choice of window, whether one
is computing power spectral densities (PSDs) or power spectra (PS), and whether the spectrum is one or two
sided.
There are many formulas in the literature that are interchangeably called “power spectra” or “power spectral density.” We compute what one might call the “mean-square” power spectrum, which follows from
the continuous-time deﬁnitions of energy spectral density, power spectral density, power spectrum, and
total/integrated power. Speciﬁcally, the mean-square power spectrum is deﬁned such that the total/summed
power is equivalent to the mean-square error (MSE) of the time series, which ensures that the power spectra
are (theoretically) independent of the chosen window duration and sampling period. This is a desirable property when comparing results between papers. However, the PSD are often reported, the values of which are
directly dependent on the window duration. For example, if using a rectangularly windowed Fourier transform, the PSD is equal to dividing the PS by the Fourier bandwidth, or equivalently, multiplying the PS by the
window duration. Thus, while the MSE and PS are more-or-less invariant when varying the window length, the
PSD is not. Other times, a PS-PSD hybrid quantity is reported (again, sometimes going by the name “power
spectrum,” and other times “power spectral density”), which is equivalent to multiplying the mean-square
power spectrum by N. One might call this quantity the “sum-square” power spectrum. Like the PSD, this quantity does not reﬂect the signal properties so much as it does the choice of window duration and sampling
period.
When estimating power using a nonrectangular window, the equivalent noise bandwidth (ENBW), 𝛿f = sΔf ,
of the chosen window is what relates the PS and PSD (PSw [m, j] = PSDw [m, j]𝛿f ) and ensures that the total
power equals the MSE. Here s is a “smear factor” indicating that there is a slight frequency resolution trade-oﬀ
with the reduction of spectral leakage. Multiplying by the ENBW corrects for the dampening in power brought
about by choosing a nonrectangular window to hedge against spectral leakage, i.e., it ensures that power
estimates represent those of the signal, independent of the chosen window.
All things considered, the mean-square power spectrum ultimately takes on the form:
(
)2
|X w [m, j]|
w
2
PX [m, j] = 2N
,
j ∈ [1, N∕2],
∑N−1
w[k]
k=0

(3)

where the smaller frequency index denotes that we are considering the “one-sided” spectrum and the factor of 2 is necessary to account for the total mean-square power available to each frequency band in this
representation. To reiterate, X[m, j] is the overnormalized DFT (relevant to the IDL implementation, but—for
example—not to MatLab or Mathematica).
To reduce noise in all spectral estimates, the power estimates at each time step in the dynamic spectra
(illustrated in Figures 3 and 4) were geometrically averaged (log smoothed) with their nearest neighbors in
time and in frequency.
3.1.3. Results
Due to the large dynamic range (spanning 9–10 orders of magnitude) of the geomagnetic spectra, the
power spectra shown in Figures 3 and 4 most strongly illustrate the well-known fact that lower frequency
ULF bands carry more power than their higher-frequency counterparts. Though it is diﬃcult to see how the
power at each frequency varies from day to day and over longer time scales in the dynamic spectra, the
broad-scale evolution of ULF power is immediately noticeable, which is emphasized in the overplotted traces
of frequency-integrated ULF power (arbitrary scale).
Speciﬁcally, of the polar cap sites both MCM (∼80∘ S CGMLat) and AGO6 (∼85∘ S CGMLat) have strong diurnal power variations at nearly all frequencies. This is especially distinguished in their vertical components,
which are easily seen to ﬂuctuate daily between yellows and reds throughout the Pc6-Pc7 bands, corresponding to power ﬂuctuations on the order of 10−3 − 102 nT2 (i.e., Fourier amplitudes of 0.03–10.0 nT). In the
vertical-component Pc4-5 bands at AGO6 and MCM, this ﬂuctuation is lower powered, oscillating between
∼ 10−5 and 100 nT2 , i.e., amplitudes of 0.003–1.00 nT. (If these values appear small, remember that the power
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Figure 3. Horizontal power spectra (̂
PH [nT 2 ])) at (ﬁrst panel) AGO5, (second panel) AGO6, (third panel) MCM, and
(fourth panel) SPA, organized from top-to-bottom by their relative CGM latitudes (∼87–74∘ ). Power at each site is
colored as a function of periodicity (vertical axes) and universal time (on the horizontal axes). Left of the vertical axes,
periodicity is also color coded by PcX band: beginning at the bottom, long-period Pc3 (Green: 0.33–0.75 min), Pc4
(Yellow: 0.75–2.5 min), Pc5 (Orange: 2.5–10.0 min), Pc6 (Red: 10.0–60.0 min), and Pc7 (Blue: 60–240 min). For visual aid,
the dashed, horizontal lines mark the boundaries of these pulsation bands. The black overplotted trace on each contour
plot is the frequency-integrated horizontal ULF power at the corresponding site (in arbitrary units).

estimates reported here are mean-square power estimates and to convert to the sum-square power, which is
oftentimes reported, one can multiply by N = 4×360. The signal is, in fact, well above the noise ﬂoor of the
instrument.) Frequencies in the Pc3 band shows evidence of this oscillation in power as well, though it can
be more diﬃcult to discern at AGO6. There are corresponding PcX band frequency power oscillations in the
horizontal components at AGO6 and MCM as well; the power typically appears to be higher at most frequencies than in the vertical component, and the diurnal oscillation appears to be more smoothed out.
Importantly, it is not so clear from the dynamic spectra (or overplotted trace of relative ULF power) that such
strong diurnal variations are observed at the remaining polar cap site, AGO5 (∼87∘ S CGMLat). If such an oscillation does exist, its dip-to-peak amplitude must be modest and the dynamic spectra are visually ill equipped
to resolve it. Similar to AGO5, the dynamic spectra observed at SPA (∼74∘ S CGMLat) do not exhibit a strong,
daily variation either. To determine if such oscillations in ULF power do exist at these sites in any of the PcX
bands, a better equipped technique is necessary.
3.2. Median-Relative Dynamic Spectra
3.2.1. Motivation
One way to better visualize how ULF power across the Pc3-Pc7 bands varies day-to-day is adjust the power
at each frequency so that the adjusted power at all frequencies is on a similar scale. To do this, we have computed the median relative (MR) spectra for each site, which is found by dividing the power at each frequency
by the median power at that frequency observed at the site over the 63 day interval. We have chosen this
technique because it physically emphasizes the evolution of the colored-noise background spectrum, which
is our primary interest, while also highlighting relative dips and peaks across frequency and time (though not
as well as other available techniques). Physically, the median power at a given site and frequency over some
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PV [nT 2 ] (see Figure 4 for further description).
Figure 4. Vertical power spectra, ̂

time interval, 𝜏 , corresponds to a value that would “typically be observed” by randomly sampling spectral
estimates at that site and frequency over the interval 𝜏 without respect to local time. Accordingly, the median
spectrum over 𝜏 represents a “typical background spectrum” at a given site, and the associated MR spectra
represent the relative growth and decay in power at each Fourier frequency relative to its median.
The median spectrum (rather than an average spectrum) was chosen primarily not only because its nonparametric and robust nature but also because we found that the power at each frequency (or in a given
PcX band) approximates a lognormal distribution better than a normal distribution. In such a case, the
(arithmetic) average does not measure central tendency (i.e., values that are “typical”), for which it is biased
too high—especially if the ﬁnite sample of data contains any large outliers (which are exponentially larger
than most outliers that would be observed if the power was normally distributed). The analog of the arithmetic mean for a lognormal distribution is the geometric mean; however, this measure can still be skewed
by any outliers. Fortunately, there is the median, which approximates the (arithmetic) population mean for
a normally distributed variable and the population geometric mean when dealing with a lognormally distributed variable—and it does so robustly (i.e., the median is safer to use than sample estimates of the mean
or geometric mean on ﬁnite samples of data with potential outliers).
3.2.2. Method
To construct MR spectra, ﬁrst the median power spectrum is computed at each site (Figure 5) by simply taking
the median power value at each Fourier frequency in the unsmoothed power spectra (equation (3)) over the
full 63 day interval (𝜏 ):
P̃ Xw,𝜏 [j] = MEDm (PXw [m, j], 𝜏),

(4)

where the subscript 𝜏 denotes that the median is computed over a given interval and is subject to change if
one computes it over a diﬀerent interval of time. However, though a mean power spectrum can be strongly
modiﬁed by changes in the sample population (e.g., by the inclusion or exclusion of the last ∼14 days of data
when there is higher geomagnetic activity than in the rest of our 63 day interval), the median spectrum is
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Figure 5. The horizontal median power spectra, P̃ H𝜏 , at AGO5 (red), AGO6
(light red), MCM (light blue), and SPA (blue) over the 63 day interval, 𝜏 ,
between 27 January 2001 to 30 March 2001. The color-coded columns
represent the Pc7(blue), Pc6 (light red), Pc5 (orange), Pc4 (yellow), and
Pc3 (green) frequency bands.

[m, j] =
MRw,𝜏
X

PXw [m, j]
.
P̃ w,𝜏 [j]

10.1002/2016JA022567

generally robust against such changes.
In fact, we compared the full-interval (𝜏 )
median spectrum with the quieter-time
(Q) median spectrum (days 27–75) at
each site and found that the spectral
values were incredibly similar. For example, if we denote the full- and quiet time
medians at AGO5 as P̃ X𝜏 [f ] and P̃ XQ [f ],
respectively, then ﬁve-number statistical summary of P̃ X𝜏 [f ]∕P̃ XQ [f ] was found
to be: (min, Q1, med, Q3, max) = (0.90
0.96, 0.99, 1.04, 1.14). These numbers are
representative of the other three sites in
our study as well. To be thorough, we
computed the upper and lower bootstrap errors for each spectral value (720)
of the median power spectra using 1000
bootstrap resamplings each. We found
that the bootstrap errors in the median
spectral estimates at any frequency are
at most 6% above or below the median
but usually between ∼3 and 5%.
The MR dynamic spectra (Figures 6
and 7) are then computed by dividing
the power spectra (equation (3)) at each
time step by the site’s median spectrum
(equation (4)):
(5)

X

The division of the dynamic spectra by the median spectrum transforms each spectral estimate at a given time
step and Fourier frequency into a scale factor where values in the range [0, 1) represent power less than the
median at that frequency, values in the range (1, ∞) represent power greater than the median, and where a
value of 1.0 indicates the median power.
We again look at horizontal and vertical data. In Figures 6 and 7, the logarithms of the MR scale factors are colorized, in which depletions (enhancements) are represented by numbers less (greater) than zero. Speciﬁcally,
the logarithm of the MR scale factors shown next to the color axis range between −1.7 (dark blue) and 1.7
(dark red), corresponding to 10−1.7 − 101.7 (≈ 0.02 − 50.0) times the median power at given site and frequency.
Thus, these the MR spectra visually emphasize signiﬁcant enhancements (reds) and depletions (blues) relative
to the median power (yellow) computed at a site for a given frequency, allowing one to easily pick out at each
site how the power at any frequency grows (reddens) and decays (blue shifts) throughout each day. This evolution is relative to the power most typically observed at that site and frequency. Furthermore, the MR spectra
visualize how the background power at a given site evolves over the course of several days or weeks, as indicated by enhanced intervals that are generally hotter in color across the spectra (yellows, oranges, and reds)
and lower power intervals are generally colder in color (greens and blues). Importantly, as mentioned above,
the diﬀerences in a median spectrum computed over the full 63 day interval versus one computed over the
quieter part of the interval are generally within 96–104% of each other, which is trivial when interested in
oscillations that dip and peak at ∼2% and ∼5000% the median value. The median-relative dynamic spectra
resulting from either are nearly indistinguishable.
3.2.3. Results
The horizontal median spectrum from each of the four sites is shown in Figure 5. This shows that without
considering local-time dependence, all four sites have similar median spectra. However, there are important
diﬀerences: AGO5 and AGO6 both have higher median power than MCM and SPA at Pc7 frequencies, then
dip below MCM and SPA at a mid-Pc6 frequency, and remain lower powered until they both peak back above
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̂ 𝜏 , on the color axis versus period (min) on the vertical axis,
Figure 6. Horizontal median-relative power spectra, MR
H
plotted in 1 h increments over the 63 day interval, 𝜏 , on the horizontal axis (ranging between 27 January 2001 to 30
March 2001) for AGO5, AGO6, MCM, and SPA. The sites are ordered top to bottom from highest to lowest CGM latitude
(∼87∘ –74∘ ). For visual aid, the dashed lines on each contour plot represent the boundaries between the pulsation
bands of interest, which are also color coded on the vertical axis from top to bottom: Pc7 (light blue), Pc6 (light red), Pc5
(orange), Pc4 (yellow), and Pc3 (green). The black overplotted trace on each contour plot is the frequency-integrated
horizontal ULF power at the corresponding site (in arbitrary units).

MCM and SPA at middle-to-high Pc3 frequencies. For a very brief interval in the mid-Pc6 band, MCM has higher
power than all of the sites but is quickly overtaken by SPA, which remains dominant in at high Pc6, Pc5, and
Pc4 frequencies. AGO5 and AGO6 have extremely similar median power over the Pc3-Pc7 frequencies, though
power at AGO6 slightly dominates that at AGO5 in the Pc7, Pc4, and Pc3 bands.

w,𝜏

̂
Figure 7. Vertical median-relative power spectra, MR
V
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The MR spectra in Figures 3 and 4 show the horizontal and vertical MR spectra, respectively, and illustrate how
the power spectrum at each site evolves relative to the median spectrum at that site. Interestingly, despite
sharing a very similar background spectrum, the MR spectra at the three highest-latitude sites can be seen to
diﬀer in a signiﬁcant way. As anticipated from the dynamic spectra shown in the previous section, a strong
maximum-to-minimum variation is observed at both AGO6 and MCM, but not at AGO5. This variation in power
at Pc3-Pc7 band frequencies is especially apparent in the vertical spectra at AGO6 and MCM, where the periodic blue-yellow-red-yellow columnar patterns represent ∼2%-100%-5000%-100% power scalings relative to
the median power at the corresponding frequencies. This repeating columnar (broadband) pattern is largely
due to the local-time variation at the site as can be visually picked out by associating columns with tick marks.
Though the vertical MR spectra at AGO6 and MCM (Figure 7) show the strongest, most clearly periodic temporal patterns of any of the sites, the frequency structure of the patterns diﬀers at the two sites. The AGO6
vertical MR spectra often show growth-and-decay patterns that scale homogeneously across the Pc3-Pc7
band, depicting that the power across the ULF bands oftentimes grow in tandem by the same factor. This
type of homogeneous temporal pattern is also observed in the horizontal MR spectra at AGO6 and MCM
(Figure 6), which appear very similar to each other. In contrast, the vertical MR spectra at MCM often shows
inhomogeneous, nonmonotonic growth-and-decay patterns across the Pc3-Pc7 frequencies.
The MR spectra at AGO5 and SPA do not show such strong, periodic variations, but they do display temporally
irregular (UT dependent) scalings of their power spectra (also seen at AGO6 and MCM). The horizontal MR
spectra at AGO5 and SPA often show homogeneous scaling, but not often at clearly periodic intervals. There
also exist many instances the power scaling relative to the median spectrum is nonuniform but fairly monotonic (e.g., on DOYs 40–41 when growth is strongest at Pc3 frequencies and inversely lowers with frequency
throughout the Pc4-6 bands). At other times, the nonuniformity is not monotonic, but it is still fairly continuous across the frequency bands—like that seen at AGO5 on DOYs 41–44 where the MR factor indicates
growth in Pc7 band, decay in the Pc5-6 band, and growth again in the Pc3-4 band.
In addition to monitoring the broad-stroke variations in the background colored-noise spectrum, the MR spectra is also able pick out some narrowband enhancements. For example, on DOY 75, SPA and MCM record a
concurrent strong broadband Pc5 enhancement (red) in their horizontal spectra, which is in stark contrast to
the strong depletions (blue) observed in the adjacent Pc4 and Pc6 bands. Both the columnar (broadband) and
narrowband features often stand out more starkly in the vertical MR spectra. For example, both the irregular,
UT-dependent evolution at AGO5 and SPA and the columnar, diurnal variation at AGO6 and MCM are most
striking in the vertical component.
The fact that the median/background spectra at AGO5, AGO6, and MCM (Figure 5) over the 63 day interval are nearly identical across the Pc3-Pc7 frequency band is all the more interesting considering that their
MR spectra show distinctly diﬀerent diurnally and irregularly dependent characteristics. In addition to their
similar median/background spectra, the site-speciﬁc diurnal and UT-dependent variations appear to be superimposed on a common UT-dependent background spectrum, as indicated in the MR spectra by covarying
changes in the broadband coloring over days and weeks, e.g., days ∼27–34 generally have a median (yellow)
background, which then becomes depleted (blue) until sometime near day 37, etc. Near the end of the interval, when the largest geomagnetic activity took place, it is clear that the Pc3-Pc7 power spectra across all four
sites become highly similar in UT, power, and frequency structure.
3.3. Median ULF Power Versus Local Time
3.3.1. Motivation
To investigate diurnal variations further, we computed the median (background) power in the Pc4, Pc5, Pc6,
and Pc7 bands as a function of magnetic local time for three orthogonal geomagnetic components (N, E ,
and V ) at each site (Figure 8).
The median was chosen here as a background measure due to its robust and nonparametric nature as a
measure of central tendency. As previously indicated, the power in each individual Fourier frequency is
approximately lognormal or power law distributed over the 63 day interval; this implies that the summation/integration of these frequencies to compute band power also result in similarly nonnormal distributions
(e.g., the sum of lognormal random variables is approximately lognormal).
Instead of plotting the median itself, however, for each bin of MLT, we plot a range over which the median likely
resides (note that curves in Figure 8 are thick and colored in). This range was computed by bootstrapping the
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Figure 8. (left column) Magnetic north, (middle column) magnetic
east, and (right column) vertical median ULF power as a function of
corrected geomagnetic local time (MLT) in the Pc4 (Figure 8, fourth
row), Pc5 (Figure 8, third row), Pc6 (Figure 8, second row), and Pc7
(Figure 8, ﬁrst row) frequency bands as observed by ﬂuxgate
magnetometers located at AGO5 (dark red), AGO6 (light red), MCM
(light blue), and SPA (dark blue). The circles in each plot represent
geographic noon and correspond to the local-time curve of the same
color. Each color-ﬁlled curve represents the bootstrapped 68%
conﬁdence interval for the median, found by resampling (with
replacement) each bin of local time 1000 times.
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median power at each bin of local time
at each site, for each PcX band and geomagnetic component. In particular, for
each combination, we implemented 1000
resamplings with replacement and estimated the median, its upper and lower
standard errors, and the 68% and 99%
conﬁdence intervals (CIs). In Figure 8,
the 68% CIs are plotted. If one presumes that the median is a normally distributed statistic, then the estimated standard errors of the median approximate
the standard deviation of the median and
the CIs would correspond to 𝜇median ±
𝜎median . However, bootstrapping is a nonparametric technique, and such assumptions need not be made to estimate the CI.
Later on, in section 4, we also show some
examples of the 99% CI curves.
3.3.2. Results
Plotted in Figure 8 are the magnetic
local-time median power distributions
for the magnetic north, magnetic east,
and the vertical components in Pc4, Pc5,
Pc6, and Pc7 bands. In each magnetic
local-time power plot, the curves are color
coded with respect to the associated site:
SPA is dark blue, MCM is light blue, AGO6
is light red, and AGO5 is dark red.

We ﬁnd that the signiﬁcant diﬀerences
between AGO5 and AGO6 (and the similarities between AGO6 and MCM) remain
in the robust-statistical median local-time
curves. The most striking features are (1)
how much less median power AGO5 has
relative to the other sites near local noon, (2) that AGO6 and MCM have strikingly similar local-time median
power distributions in most components in all frequency bands, (3) that AGO5 is the only site that is strongly
horizontally polarized, and (4) though both AGO5 and SPA appeared to diﬀer signiﬁcantly from AGO6 and
MCM in their MR spectra, only AGO5 stands out as unique in these local-time distributions.
In Figure 5, despite some diﬀerences, all four sites appear to have similar median power as a function of frequency. Yet, at ﬁrst glance, the distinct local-time distributions in Figure 8 appear to contradict this, e.g., it
might appear that the median power at AGO5 is much lower than at the other sites. Upon closer inspection,
one will notice that though AGO5 often has much lower power across the various ULF bands near local noon,
it makes up for this away from noon, often having higher median power than the other sites in its horizontal
components. To ensure that the results are consistent, (i) add the horizontal components of a local-time PcX
distribution at a given site to arrive at the local-time distribution of horizontal power, (ii) take the median, and
(iii) divide by the number of Fourier frequencies in the chosen PcX band. For example, 5 shows that the Fourier
frequencies in the mid-Pc5 band hold power of ∼0.1 nT2 and that MCM should be a bit higher than AGO5 or
AGO6. From the local-time distributions, the median of median local-time power at AGO5, AGO6, and MCM
is ∼8.88, 10.59, and 9.03 nT2 , which becomes 0.117, 0.119, and 0.139 nT2 when divided by 76, the number of
Fourier frequencies in the Pc5 band of our power spectra. That is a striking result, which was also indicated
in the MR spectra: though the median spectra at the polar cap sites are similar, the ULF power at AGO6 and
MCM diurnally grows and shrinks above and below that observed at AGO5.
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The median power curves at AGO6, MCM, and SPA have near-noon enhancements in most of the components and ULF bands about 5–10 times the minimum power. For each component and PcX band, we estimate
this by taking the average of the maximum-to-minimum power ratios for (i) the local-time median, (ii) the
local-time upper bound of the 99% bootstrapped CI, and (iii) the lower bound of this CI. For example, at
AGO6, the magnetic north maximum-to-minimum ratios for the Pc4, Pc5, Pc6, and Pc7 bands are (9.4, 6.7, 8.8,
18.1), respectively. The corresponding ratios at MCM and SPA are (16.5, 13.6, 7.9, 5.7) and (9.8, 19.7, 4.6, 11.4),
respectively. For the magnetic east components at AGO6, MCM, and SPA, these PcX ratios are (13.9,11.8, 18.4,
22.7), (10.5, 9.8, 7.4, 8.5), and (12.0, 8.8, 2.3, 5.6), respectively. And for the vertical component at these sites,
(16.6,29.0,92.3,129.6), (13.8, 15.3, 28.6, 12.0), and (17.1, 20.1, 5.0, 10.3), respectively.
Though the diurnal variation at AGO5 does not appear strong, it is generally higher as one approaches
midnight. The enhancements at AGO5 are not as sudden or emphatic as those observed at other sites and
are only about 2–3 times the lower values on the curves. In several cases, AGO5 sees a near-magnetic noon
enhancement (e.g., the Pc7 magnetic north component and the Pc4 magnetic east component), while in
other cases it displays a strong near-magnetic noon depletion (e.g., Pc5-Pc7 magnetic east components). In
the Pc5 magnetic north curve, it appears that depletions occur at both magnetic noon and midnight—or
in other words, that the slight enhancements correspond to dawn/dusk sources. In the Pc4 magnetic north
curve, the power is approximately constant throughout the day, while the Pc6-Pc7 vertical components show
an enhancement extending from midnight to some time before noon, followed by a scarcity of power for the
rest of the day. In general, there is no one obvious trend among the AGO5 PcX bands and magnetic components, so it is not clear that the maximum-to-minimum ratios here measure the same eﬀect. However, for
completeness, the ratios for the Pc4, Pc5, Pc6, and Pc7 bands at AGO5 are (1.8, 2.6, 2.6, 4.1) for magnetic north,
(2.0, 2.1, 4.2, 6.6) for magnetic east, and (1.8, 2.1, 3.2, 5.1) for the vertical component.
At all local times and in all three bands, the magnetic north and magnetic east components at AGO5 hold
about 3–12 times more power than is found in vertical component. By summing the magnetic north and vertical powers over local time and taking the north/vertical ratio, for example, we ﬁnd that the ratios in the Pc4,
Pc5, Pc6, and Pc7 bands at AGO5 are 8.2, 10.9, 5.0, and 3.4, respectively. Compare this to AGO6, which has the
corresponding PcX band ratios of 3.1, 2.7, 1.5, and 1.2. In general, this tells us that the hydromagnetic power
at AGO5, in the Pc4-Pc7 bands, is mostly contained in the horizontal plane—at least statistically speaking.
This does not strictly hold at the other sites, especially AGO6 and MCM which have signiﬁcant vertical power
in some of the bands.

4. Discussion
Yagova et al. [2004] looked at 1 month averages of local-time Pc6 band spectral and cross-spectral power
observed at and between many sites in the polar cap, including AGO5, AGO6, and SBA (which is extremely
close to MCM; see Table 4). Interestingly, they observed that the diurnal characteristics of Pc6/Pi3 band power
at AGO6 strongly resembled that observed at sites much lower in CGMLat, such as SBA (or, in this paper, MCM).
A major result concerned azimuthal asymmetries in the local-time distribution of Pc6/Pi3-band power about
the CGM pole, where the asymmetry refers to the varying morphology of the distribution along the ∼86∘ S
and ∼80∘ CGMLat parallels. Speciﬁcally, they showed that sites distributed along these parallels observe vastly
diﬀerent day-to-night power ratios. For example, along the ∼86∘ S CGMlat parallel, one site (AGO5) hardly
observed any day-to-night variations, while another site along the parallel (AGO6) was characterized by very
strong variations, exhibiting a MLT dependence characteristic of many of the sites at ∼80∘ S CGMLat. Though
less distinguished, Yagova et al. [2004] also noted a CGM azimuthal asymmetry in the Pc6 band local-time
distributions along the ∼80∘ CGMLat parallel (which can also be seen in the Pc5 band power in Ballatore
et al. [1998b]). Along both parallels, the day-to-night variations appear to diminish as the diﬀerence between
geographic local time (GLT) and MLT increases.
In this paper, we have followed up on these peculiarities and conﬁrm them to be generally persistent statistical
features by complementing the local-time averages given in Yagova et al. [2004] with nonparametric, robust
statistical proﬁles of local-time ULF power in time and frequency (e.g., Figure 8). In fact, these features are not
just statistical but generally persistent as shown day-by-day in the MR spectra (Figures 6 and 7). Furthermore,
we have shown that these features are not restricted to Sq variations (as shown in Detrick and Lanzerotti [2001])
or Pc6 band power but appear in the local-time distributions of median power over the Pc3-Pc7 ULF band,
as shown day-by-day at each frequency in the MR spectra and statically as a function of local time and PcX
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Table 3. Corrected Geomagnetic (CGM), Eccentric Dipole (ED), AGO5, Centered
Dipole (CD), and ED Dipole (EDD) Latitudes for Antarctic Sites in the Polar Cap Region,
Organized by Their ED Latitude: AGOs 1-6, MCM, SPA, Dome C (DMC), Vostok (VOS),
Casey (CSY), Scott Base (SBA), Terra Nova Bay (TNB), d’Urville (DRV), Mirney (MIR),
Davis Station (DVS), and Sude Station (SUD)a
Site

AGO5

ED

CGM

CD

EDD

DMC

88.1

88.2

88.7

84.6

80.7

AGO5

90.0

87.2

86.7

86.2

78.8

VOS

86.3

85.7

83.5

88.9

76.2

AGO6

82.1

83.6

85.0

78.6

86.5

SUD

80.8

83.1

81.0

81.3

77.5

AGO4

83.3

82.0

80.1

86.9

72.4

CSY

78.4

81.3

80.9

76.7

83.0

AGO1

83.1

80.9

80.2

84.8

72.2

DRV

78.4

79.3

80.6

74.7

85.2

MIR

76.0

78.7

77.4

76.4

76.1

MCM

80.9

78.6

80.0

79.0

73.9

SBA

80.9

78.5

80.0

78.9

73.8

TNB

80.1

78.2

80.1

77.3

75.5

DVS

74.7

76.7

74.7

76.6

71.1

SPA

77.2

75.2

74.2

79.5

66.1

AGO3

74.8

73.8

72.1

78.3

63.9

AGO2

72.9

71.2

70.1

75.5

61.8

a CGM

latitudes are commonly used but might not be suitable in most eﬃciently
organizing the spatial structure of ultralow frequency power in the polar cap region.
AGO5 latitudes are observationally motivated coordinates based on results in this
paper alone; a site’s AGO5 latitude is deﬁned as 90∘ minus the angular displacement
of the site from AGO5. ED latitudes were computed after a meta-analysis of ULF power
characteristics at sites in previous studies motivated that a point near the ED axial
pole would serve as a central point than AGO5. EDD latitudes (computed similarly to
AGO5 latitudes herein) and CD latitudes are provided as controls to help motivate
that the utility of ED latitudes is not accidental. Both ED and CD are computed using
IGRF-12 coeﬃcients and the equations outlined in von Biel [1990].

band in Figure 8, thus extending this azimuthal asymmetry between AGO5 and AGO6 (and the corresponding
similarity between AGO6 and MCM) to higher (Pc3-4) and lower (Pc7) frequencies.
In this section, we discuss our results extensively, attempting to reconcile the observations with a physical
mechanism or, at the least, a formal mechanism.
4.1. CGM Coordinates
The idea behind CGM coordinates follows from the fact that charged particles and ULF waves in Earth’s magnetosphere and ionosphere are largely organized by the Earth’s magnetic ﬁeld. In this sense, points along
the same geomagnetic ﬁeld line are considered equivalent—or conjugate—so the goal is to assign any spatial points along the same magnetic ﬁeld line the same coordinates. In practice, this means that (i) one must
choose a geomagnetic ﬁeld model that best approximates what it means for two points in space to be connected by the same magnetic ﬁeld line, (ii) how to conceptually assign coordinates to each ﬁeld line, and
(iii) how to compute and/or disseminate the coordinates for use in research. In reference to choice (i), the
International Geomagnetic Reference Field (IGRF) has been used to approximate Earth’s main ﬁeld [Finlay
et al., 2010] since the inception of CGM coordinates. For traditional CGM coordinates [e.g., Gustafsson, 1970,
1984] and their natural extension—altitude-adjusted CGM coordinates [e.g., Baker and Wing, 1989], which
are oftentimes simply referred to CGM coordinates—choice (ii) has (at least theoretically) been to deﬁne the
CGM coordinates of a given point in space (deﬁned by its geographic latitude (𝜆g ), geographic longitude (𝜙g ),
and altitude (h)) as the Earth-centered dipole coordinates that are found by tracing along the IGRF ﬁeld line
from the chosen point to the Earth-centered dipole equator, then “tracing” back along the Earth-centered
dipole ﬁeld line back to the geocentric surface using a functional relationship on a CD ﬁeld line between
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r and CD latitude. Though conceptually simple, this deﬁnition was initially computationally expensive, and so
for choice (iii) the earliest CGM coordinates were only computed at ground level on a relatively low-resolution
geographic grid and published in tables for other researchers to reference [e.g., Hakura, 1965; Gustafsson,
1970, 1984].
Starting with Baker and Wing [1989], CGM coordinates began being computed for grids at additional altitudes;
to provide coordinate estimates for points in between, interpolation schemes were devised. Furthermore,
in their original deﬁnition CGM, coordinates are not deﬁned for a large region of low geographic latitudes near the South Atlantic Anomaly, and so various tweaks have been deﬁned to resolve this before
ﬁtting/interpolation schemes are applied. Shepherd [2014] showed that as the interpolation schemes became
more complicated, the accuracy of CGM coordinates at auroral and polar latitudes suﬀered in accuracy and
so developed software that allows users to compute CGM coordinates via their original deﬁnition (i.e., ﬁeld
tracing. (For more on CGM coordinates and their approximations, see Gustafsson [1984], Baker and Wing [1989],
Gustafsson et al. [1992], Papitashvili et al. [1992], Heres and Bonito [2007], and Shepherd [2014]).
Given this recent criticism of numerical approximations of CGM coordinates at polar latitudes by Shepherd
[2014], our ﬁrst move was to compute CGM coordinates using both the widely distributed algorithm provided
by Johns Hopkins University/Applied Physics Laboratory (code written by R. Barnes) and Shepherd’s ﬁeld line
traced coordinates (provided in Table 1), checking to see if Shepherd’s improved high-latitude CGM coordinates helped resolve the azimuthal asymmetry in CGMLat (e.g., it could have been possible that the CGMLat of
AGO6 in this reﬁned scheme turned out to be much lower in CGMLat). However, we found at most a 0.15∘ difference in CGMLat or CGMLon at any of these sites, ensuring that this eﬀect is not due to miscalculating CGM
coordinates and that as indicated by the previous studies mentioned, these features cannot be explained by
their CGM coordinates alone.
The fact that this did not help is not surprising. Despite Shepherd’s CGM coordinates restoring a faithful representation of CGM coordinates at high latitudes, the conceptual deﬁnition itself has never been considered
truly meaningful at high latitudes in that the system does not account for the inﬂuence of time-varying external currents (e.g., as pointed out in Baker and Wing [1989], Gustafsson et al. [1992], Papitashvili et al. [1992,
1996]). Baker and Wing [1989] recommended cautiously using CGM coordinates at high latitudes anyway, suggesting that the inﬂuence of external currents could then be ascribed to any deviations of the presumably
conjugate phenomena. Several authors [e.g., Papitashvili et al., 1992] attempted to enhance CGM coordinates
by using time-varying models such as the T-89 model [Tsyganenko, 1989]. However, despite the potential of
such dynamic coordinate systems, CGM coordinates remain the most popular framework—not only due to
their familiarity but also likely due to the desire for a geomagnetically meaningful, quasi-static coordinate
scheme to parametrize geospace.
4.2. Diﬀerences in Magnetotail-Ground Geomagnetic Connectivity
4.2.1. Magnetic Mapping
Though we have not performed an analysis of ground-magnetosphere conjugacy mappings for AGO5, AGO6,
MCM, and SPA throughout the interval of this study, we note that Yagova et al. [2004] used the T-96 model
[Tsyganenko and Stern, 1996] to map the sites in their study along the ∼80∘ S CGMLat parallel into the
magnetotail. They did not ﬁnd that the mappings led to signiﬁcantly diﬀerent regions and concluded that
the magnetospheric projections of these sites do not explain the diﬀerences in local-time distributions.
However, magnetic mapping at high latitudes is suspect, and in the next section we look at what the observations herein and elsewhere seem to suggest—giving little weight to their CGM coordinates or modeled
projections into the magnetosphere.
4.2.2. Eﬀects of the Low-Altitude Cusp
During the summertime at Terra Nova Bay (TNB), at the periphery of the polar cap region in Antarctica (at
∼80∘ S CGMLat), the day-to-day variability of Pc3 and Pc4 power is strongly dependent on geomagnetic activity (as measured by the daily Kp average). Hour-to-hour, the local-time distributions of average Pc3 and Pc4
band pulsation power show a marked diurnal variation, strongly peaking near magnetic noon. During quiet
conditions, this near-noon peak is prevalent on a case-by-case basis. However, during disturbed times this is
not necessarily true [Villante et al., 2000; De Lauretis et al., 2005]. The summertime, near-magnetic noon peak
at TNB has been reported in the Pc5 band and high-frequency (10–20 min) Pc6 band pulsation power at TNB
as well [e.g., Lepidi et al., 1996; Ballatore et al., 1996]. When looking at the yearly local-time averages from several diﬀerent years, this same proﬁle emerges at TNB in the Pc3, Pc4, and Pc5-6/Pi3 band horizontal power
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[Francia et al., 2005, 2009]. The 27 day running averages of the pulsation power over several years indicate that
wintertime power is generally lower than during the summertime at TNB [Francia et al., 2009], and local-time
averages when separated by season conﬁrm lower power at all MLT during the winter. However, the wintertime power is depleted near dawn and dusk relative to noon and midnight, where a second peak is now
evident [Francia et al., 2009]. At MCM (located on the same CGMLat as TNB), the mild, near-noon peak in the
local-time averages can even disappear altogether during winter. The midnight peak at MCM, on the other
hand, is evident and becomes more pronounced when considering only times of high geomagnetic activity.
At both MCM and TNB, power in the magnetic east component dominates the horizontal power [Ballatore
et al., 1998a].
Deep in the polar cap, at DMC (∼89∘ S CGMLat), yearly local-time averages of horizontal power for several different years show no evidence of a strong diurnal variation in the Pc3, Pc4, and Pc5-6/Pi3 band [De Lauretis
et al., 2005; Francia et al., 2009]. However, there appears to be a general but slight growth in power toward
magnetic midnight (and, thus, a corresponding relative dearth of power near noon). The 27 day running averages of the pulsation power over several years indicate that wintertime power is generally lower than during
the summertime at DMC; however, the lack of a strong diurnal variation at DMC is relatively unaﬀected from
season to season. When comparing the pulsation characteristics deep in the polar cap (DMC) and at its periphery (TNB), Francia et al. [2009] showed that nighttime Pc3-Pc5 power at DMC throughout the year resembles
that of wintertime TNB. The comparison is better yet with the single-peak Pc3-Pc5 local-time averages at wintertime MCM shown in Ballatore et al. [1998a], which show enhanced power near midnight only. Though TNB
generally has higher average power than DMC on the dayside, Francia et al. [2009] showed that the average
power on the nightside is higher at DMC than it is at TNB, even during the summertime when the near-noon
peak at TNB is at its strongest across the frequency bands. During geomagnetically quiet intervals, the Pc3-Pc4
pulsation power time series observed at DMC and TNB resemble their corresponding local-time averages and
so diﬀer quite a bit; however, De Lauretis et al. [2005] that the Pc3-4 pulsation power at DMC and TNB appear
to take on a similar form during active times.
Ballatore et al. [1998b] showed that the local-time averaged Pc5 power at four sites along the 80∘ S CGMLat
parallel (Casey (CSY), Dumont D’Urville (DRV), AGO4, and MCM) is morphologically similar to that discussed
above in regard to TNB and MCM, despite some minor diﬀerences in magnitude (the azimuthal asymmetry in
CGMLat, addressed in more detail below). Yagova et al. [2004] showed this to also be true for Pc6 band power
at these sites, as well as several additional sites along this CGMLat parallel (Scott Base (SBA), Sude (SUD), and
AGO1) during summertime. We also show this at MCM in Figure 8. Furthermore, Yagova et al. [2004] showed
that the local-time averaged Pc6 band power at Vostok (VOS) and AGO5 was similar in form to that described
at DMC—or that described for wintertime TNB and MCM. This is also what we show for AGO5 in Figure 8. (For
visual aid, reference the Antarctic map in Figure 1.)
In general, while also considering how other eﬀects contribute (such as seasonal and local-time ionospheric
conductivity), all of these authors interpret the following features of the local-time averages in terms of their
proximity to the low-altitude particle cusp (“cusp” hereafter) on dayside and to the closed ﬁeld line region on
the nightside, both of which shift in CGMLat throughout the year as a function of the Earth’s dipole tile: (i)
the strong, summertime near-noon power peak at the 80∘ S CGMLat parallel and the corresponding dearth of
power at midnight; (ii) the weak (or absent), wintertime near-noon peak at the 80∘ S CGMLat, along with the
corresponding slightly-to-moderately enhanced midnight peak; and (iii) the weak diurnal variation deeper in
the polar cap, which is characterized mostly by relatively higher power on the nightside than the dayside.
The interpretation is straightforward and is based on studies, such as Newell and Meng [1989], that have used
extensive sets of particle precipitation observations to understand how the cusp location and size shifts under
varying circumstances. Newell and Meng [1989] showed for every 1∘ of dipole tilt, the cusp latitude shifts by
0.06∘ CGMLat. Thus, the cusp is typically ∼4∘ dayside equatorward at the winter solstice than it is at the summer solstice but on average (i.e., near the equinoxes) is located near 77–78∘ CGMLat on the dayside. The cusp
is observed to be ∼1–2∘ thick in latitude on average. The uncertainty in its location and width implies that the
cusp is likely to be overhead of any site within ∼74∘ –77∘ CGMLat at midwinter and overhead of ∼78∘ –81∘ at
midsummer. As for the nightside closed ﬁeld line region, one need only picture that—at least in an averaged
sense—the entire open ﬂux region comoves with the cusp. This says that as the cusp shifts equatorward on
the dayside, the frontier closed ﬁeld lines near midnight nominally shift poleward. Likewise, as the cusp shift
poleward on the dayside, the midnight region closed ﬁeld lines shift equatorward.
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The local-time averages can be interpreted in this context. For example, Francia et al. [2009] argued that the
lack of a strong diurnal variation at DMC implicated that DMC remained deep within the polar cap throughout
the year, magnetically connected into the magnetotail and magnetosheath. As for TNB, the strong dayside
peaks in ULF power in the summertime are likely associated with the poleward shifted cusp, which should be
nominally located overhead of TNB in the vicinity of ∼78∘ –81∘ . If the dayside enhancement at TNB is due to
cusp-related pulsations during the summer, then during winter when the cusp has shifted equatorward on the
dayside (∼74∘ –77∘ ), one should expect that the noontime region encountered at this site is relatively deeper
into the polar cap and that this near-noon enhancement will be much smaller or have vanished altogether
(which is what is shown in the references at TNB and MCM, respectively). However, in this case, the midnight
region of the polar cap traversed by MCM and TNB would generally be closer to the nightside closed ﬁeld lines,
and so the local-time averages are more likely to be aﬀected by magnetotail processes and substorm-related
events. This would explain the generally higher nightside power at these sites, which Ballatore et al. [1998a]
showed is especially enhanced when considering only geomagnetically active times. On the contrary, during
the summer when the cusp is poleward shifted on the dayside, the “deep polar cap” would be pushed
nightward, and TNB would traverse the midnight region deep in the polar cap. This would explain the lack of
a midnight-region peak during in the local-time averages in this season. For sites like DMC that are truly deep
in the polar cap, the shifting of the open and closed ﬁeld line regions would not signiﬁcantly aﬀect its diurnal
variation since it would remain fairly far from the nominal cusp and closed ﬂux regions. Accordingly, sites like
DMC (and AGO5) likely map deep into the magnetotail lobes fairly consistently.
The features described can be seen throughout the ﬁgures in this paper at MCM (which, like TNB, sits at the
periphery of the polar cap) and AGO5 (which, like DMC, is deep inside the polar cap). Considering that the cusp
motion due to the varying dipole tilt angle throughout the year averages to about 0.67∘ /month, this indicates
that over the course of this study, which begins in the last month of the austral summer season and covers
through the ﬁrst month of the equinox season, the cusp will have shifted at most by 1–1.5∘ equatorward
toward the nominal, equinox latitude. At the beginning of our study then, the nominal cusp location and size
corresponds to ∼76.0–80.0∘ CGMLat, which shifted to ∼74.5–79.5∘ by the end. Given this information, one
should expect that the cusp-related portion of the diurnal variation at MCM will diminish over the course of the
study. Such a feature is shown in the frequency-integrated ULF power at MCM in Figure 2. The corresponding
frequency dependence of this long-term trend is depicted in the MR spectra in Figures 6 and 7 and especially
stands out in the vertical component.
What the cusp interpretation does not explain is that this eﬀect is also observed at AGO6.
4.3. Observationally Motivated Coordinate Systems
If one disregards the fact that AGO6 is labeled with such a high CGM latitude, by comparing the AGO6 observations in the ﬁgures throughout this paper with AGO5, it is not likely that one would conclude that these
two location remotely sense similar source regions of ULF pulsations in the polar ionosphere and outer magnetosphere. In fact, without preconceptions like CGM latitudes, it is more likely that based on just these
observations, one would put AGO6 in the same class as MCM. Given the cusp interpretation outlined above,
which explains the features at MCM and TNB so well, it is tempting to think that somehow explains the
observations at AGO6 as well, which closely conform to the observations from these poleward-cusp latitude
sites.
For example, noting that AGO5 and DMC are both higher in CGMLat than AGO6, one might presume that
cusp-related pulsations simply propagate deeper into the polar cap than initially thought, thus explaining the
AGO6 observations and preserving the value of CGM coordinates at high latitudes. However, considering the
local-time averages at VOS in Yagova et al. [2004], this cannot be the case: VOS is lower in CGMLat than AGO6,
yet the morphology of its local-time averages resembles those at DMC and AGO5, presumably deep in the
polar cap.
There is a simple hypothesis that may explain such results: the expectation that AGO5 and AGO6 should
observe similar local-time distributions of ULF power is a consequence of assuming that CGM coordinates
meaningfully organize polar cap phenomena. In other words, if one disregards the CGM coordinates of the
Antarctic sites and told only the story as outlined by the data analysis, one would not consider AGO6 to be
deep in the polar cap like AGO5, DMC, and VOS but in the same general class as MCM, TNB, DRV, and CSY.
URBAN ET AL.

RETHINKING THE POLAR CAP

8493

Journal of Geophysical Research: Space Physics

10.1002/2016JA022567

4.3.1. AGO6 as a Cusp Latitude Ground Site
One need only to recap the features observed at TNB and MCM and point out that corresponding features
at AGO6. For example, in Figure 8, the near-magnetic noon, summertime peak is clearly shown at MCM in
the Pc4-Pc7 bands in the magnetic north and east components. It is seen at AGO6 as well. In the integrated
Pc3-Pc7 power (Figure 2), neglecting active times when all sites show sharp increases in ULF power, this diurnal
variation at MCM is shown to decay over the course of our study as the cusp shifts equatorward due to the
changing tilt of the dipole. This feature is observed also in the diurnal variation at AGO6. Ballatore et al. [1998a]
showed that the magnetic east component at MCM dominates the local-time averaged horizontal power,
which Ballatore et al. [1996] also showed to be true at TNB. In Figure 8, we show this at MCM in the median
power across the Pc3-Pc7 bands. At AGO6, this is true in the Pc6 band and similar in the Pc4 and Pc5 bands,
where magnetic north and east appear to contribute fairly equally to the horizontal power. Francia et al. [2009]
showed that though TNB has higher power on the dayside, the nightside power stretching from dusk until
dawn was generally higher at DMC. In Figure 8, this seen by comparing our DMC equivalent (AGO5) with our
TNB equivalent (MCM). However, it is also seen when comparing AGO5 with AGO6.
4.3.2. AGO5 and Open Field Lines
Though MCM and AGO6 have similar features throughout this paper, they are not exact. These disparities can
be examined to generate further hypotheses concerning the eﬀective “polar cap latitudes” of these sites.
In Figure 8, aside from AGO5, there is a trend between a site’s CGMLat and in which PcX band that site dominates the near-noon enhancement. Speciﬁcally, the trend would indicate that as one goes higher in CGMLat,
the enhancement appears in lower frequency PcX bands: the near-noon enhancement at SPA maximizes in
the Pc5 band, while it maximizes in the Pc6 band for MCM and the Pc6-Pc7 bands for AGO6. Furthermore, the
enhancement decays in relative size once the relative maximum at a site is reached. For example, the relative
sizes of the near-noon enhancements at SPA, MCM, and AGO6 are fairly similar in the Pc4 band, after which
the enhancement at SPA maximizes in the Pc5 band then diminishes relative to AGO6 and MCM in the Pc6
and Pc7 bands. On the other hand, starting in the Pc4-Pc5 bands, both AGO6 and MCM have similarly small
near-noon enhancement relative to SPA; in fact, AGO6 has the smallest enhancement when considering both
horizontal components (Figure 10). The enhancements at both AGO6 and MCM then grow larger relative to
the SPA enhancement in the Pc6 band, where MCM attains its relative maximum (again when considering
both horizontal components). Finally, in the Pc7 band, the enhancement at AGO6 is rather large relative to
that observed at MCM and SPA.
This pattern seems indicative of resonances associated with the typical ﬁeld line lengths observed at the sites,
which grow in size as one goes higher in magnetic latitude. Though frequencies near ∼0.5 mHz (∼33 min) are
often stated to be the lowest-frequency ﬁeld line resonances (FLRs) possible given the makeup and structure
of the magnetosphere [e.g.,Mathie and Mann, 2000], in this scenario, we allow (i) for the possibility that this
is not strictly true and/or (ii) the possibility that such persistent Pc6/Pc7-band “resonances” are due to direct,
quasi-periodic driving by structures in the solar wind.
With respect to (i), for example, Huang et al. [2000] showed 40 min periodicities in magnetometer data
between ∼75 and 80∘ S CGMLat during extended intervals of steady solar wind and northward IMF conditions.
After ruling out external drivers, they summarized several models that favored the idea that the abnormally
low frequency resonances were driven by a global cavity mode. Huang et al. [2001] follow this up with additional events and concluded that the open-to-closed transformation of the magnetotail during extended
intervals of northward IMF can induce 40–60 min global-scale oscillations of the closed magnetotail, which
can couple into convection and ﬁeld-aligned currents (FACs), induce traveling convection vortices (TCVs), and
ultimately register in the magnetometer data.
With respect to point (ii), for example, several authors have shown that ﬂuctuations in the IMF appear to
drive Pc6/Pc7 band oscillations in the magnetosphere and ionosphere [e.g., Huang et al., 1998; Stephenson
and Walker, 2002; Walker, 2002]. Kepko et al. [2002] also showed observations that suggested that such oscillations can also be driven by solar wind density structures. They concluded that such persistent Pc6/Pc7-band
spectral peaks cannot be described by FLRs driven by the “natural ringing” of the magnetosphere but are
only possible because the magnetosphere acts as a passive oscillator that is driven by the external, periodic
forcing of the solar wind. Lessard et al. [2003] showed Pc6/Pc7 band oscillations in the energetic particle and
magnetic ﬁeld data at geosynchronous orbit; importantly, they showed that the oscillations occurred at discrete frequencies and argued that only a solar wind driver could explain such observations. Interestingly,
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with respect to point (i), the conclusions of these authors also call into question the exact nature of
higher-frequency peaks in ground-based data sets, which are more commonly accepted to be driven by cavity/waveguide eigenmodes. Regardless of the exact cause of observed spectral peaks in ground-based and
spacecraft magnetometer data, we do know that they exist in the Pc4, Pc5, Pc6, and Pc7 bands on closed ﬁeld
lines: the only issue is which peaks are externally driven and which are due natural resonances of the magnetosphere, or perhaps more accurately—which mechanism dominates which peak and when. Hereafter, we
refer to “resonances/oscillations” to emphasize these points.
The persistence of such resonances/oscillations, whether internally or externally driven, and their local-time
structure at high latitudes appears to be a possible distinction between open and closed ﬁeld lines [e.g.,
Urban et al., 2011]. As we have shown, strong Pc6/Pc7 band peaks repeatedly exist in the power spectra at
sites like MCM and AGO6, but not so strikingly or regularly at sites like AGO5; this also shown, for example,
in Figure 1 of Papitashvili et al. [1996], where there are strong Pc6/Pc7 band spectral peaks near ∼30 and
∼60 min at Mirney and Sude stations (∼77–81∘ S CGMLat) during extended intervals of stably northward IMF,
but not at Vostok (∼84∘ S CGMLat).
Given the observations presented herein, in this closed ﬁeld line resonance/oscillation picture, one could reason that SPA not only sits near closed ﬁeld lines with nominal Pc5 resonances/oscillations but also observes
residual power from higher-latitude, polar cap resonances/oscillations in the Pc6 and Pc7 bands. Similarly,
MCM would appear to be located in a region dominated by Pc6 closed ﬁeld line resonances/oscillations
but also observing residual power from lower latitude Pc5 and higher-latitude Pc7 resonances/oscillations.
Lastly, at a higher magnetic latitude yet, it would appear that AGO6 sits close to closed ﬁeld lines resonating/oscillating in the Pc7 band but also observing residual Pc5-6 power from lower latitudes.
If we accept that this trend in near-noon enhancements is a trend exclusive to closed ﬁeld lines, then the open
ﬂux region as observed by ground-based magnetometers is much smaller than is usually considered. This is
not impossible to imagine: the open-closed ﬁeld line boundary (OCB) is highly sought after but elusive—so
many techniques designed to detect the OCB instead rely on identifying data signatures that are correlate
well with OCB determinations issued by a preestablished technique. The standard of measure often seems
to be the determinations made using particle precipitation measurements recorded by polar-orbiting spacecraft. For example, Lanzerotti et al. [1999] identiﬁed a signature in ground-based magnetometer data they
thought could be associated with the OCB, apparently conﬁrming this suspicion by showing that nearby
spacecraft measurements indicated the site was in the vicinity of the boundary between open and closed
ﬁeld lines. Based on this, the technique was reﬁned and automated in Urban et al. [2011]. However, this relies
on two things: that the particle precipitation technique actually identiﬁes the OCB, rather than just identifying a closely, loosely, or unrelated particle precipitation boundary (PPB), and that mapping techniques from
the spacecraft to the ground faithfully reﬂect the magnetic ﬁeld line connectivity in the polar cap region.
In terms of the PPB-OCB relationship, it is possible that some of the “open” ﬁeld lines identiﬁed by such techniques can be closed ﬁeld lines extending deeply into a turbulent geomagnetic tail; this would also explain
the absence of a stably trapped particle population in the polar cap. Particle precipitation measurements
certainly delineate what must be closed geomagnetic ﬂux in the trapping and quasi-trapping regions but
that such measurements are not necessarily suﬃcient to determine whether or not a ﬁeld line is truly open
[Lanzerotti and Michel, 1972; Russell, 1972]. In the polar cap, however, the absence of such phenomena does
not necessarily indicate open ﬁeld lines.
This is, in fact, the reason that we have looked at the Pc7 band throughout the paper. Presuming AGO6
and MCM both maximized in the Pc6 band, we wondered whether exploring even lower frequency bands
would reveal AGO5 to ﬁnally show near-noon enhancements. It does not. In Figure 8, though AGO5 does not
exactly take on a single-peak near-noon enhancement, the near-noon depletion does become more resolved,
and there are stronger enhancements at dawn and dusk in the magnetic north component. However, these
enhancements smooth out in the horizontal Pc7 power (Figure 10). Interestingly, AGO6 does stand out in the
Pc7 band. Though similar to MCM, the near-noon enhancement at AGO6 persists into the Pc7 band, where it
is the dominant peak of the four sites. This trend in near-noon enhancements at AGO6, MCM, and SPA seems
to suggest a natural ordering in their eﬀective magnetic latitudes but that, in general, they observe similar
phenomena on longer and longer closed ﬁeld lines. AGO5 does not appear to join in this trend at any point.
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If one draws conclusions from the observations in this paper alone (without recourse to a priori coordinate schemes), it is clear that AGO5 is characterized by several, highly distinguishing features that are
not observed at AGO6 or MCM, revealing AGO5 to be a fairly unique observation point relative to these
sites—hydromagnetically speaking—in the nominal polar cap region. We have extensively shown that AGO5
observes, at best, only weak diurnal structuring in the frequency-integrated Pc3-Pc7 ULF power: this lack
of daily, periodic structure is seen day-by-day in the integrated ULF power in Figure 2 (juxtaposed with
the dynamic power spectra in Figures 3 and 4); it is shown to be fairly independent of frequency in the
median-relative dynamic spectra (Figures 6 and 7); and it is statistically characterized as a function of local
time and PcX band in Figure 8. Instead, AGO5 is characterized by a relatively consistent level of local-time
power that is statistically lower than AGO6, MCM, and SPA on the dayside but is often higher on the nightside,
especially in the horizontal components of the Pc5 and Pc6 bands Near magnetic noon, instead of increasing,
the power observed at AGO5 dips a bit—the depth of which increases with periodicity. Though the median
power at AGO5, as a function of local time and PcX band (Figure 8), shows such considerable diﬀerences with
that observed at the other sites, by integrating out local-time dependence, one ﬁnds that the median power
in each PcX band at AGO5 is similar in magnitude to that observed at the other three sites and most similar
to AGO6 (shown as a function of frequency in the time-independent median spectra of Figure 5). Looking
at Figures 5 and 8 together, one ﬁnds that at any given local time, the median power dependence on PcX
band at AGO5 infers a power spectrum similar to its time-independent median spectrum, which indicates that
its time-independent median spectrum is fairly representative of a typical spectrum at AGO5. This is not the
case at the other three sites, where it is clear the time-independent spectrum is not “typical” but merely the
middle-valued spectrum associated with a highly time-varying background. Though AGO5 does not appear
to have consistent, periodic drivers of its local-time power, it does show evidence of powerful but sporadic
bursts of both narrowband and broadband enhancements across the various bands. In the integrated ULF
power shown in Figure 2, it appears these enhancements are associated with similar increases in the geomagnetic indices. These irregularly occurring bursts of power have a frequency dependence which is especially
prevalent in the vertical MR spectra (Figure 7).
These analyses, when taken together, indicate that AGO6 and MCM have more in common with SPA than
they do with AGO5, putting the ULF activity at AGO5 in a class of its own. This might suggest that AGO5
is truly almost always located on open ﬁeld lines during this 63 day interval and that the irregular activity
might be owed to the similarly irregular occurrence of overhead current systems (e.g., TCVs), bursts of particle
precipitation, or even hydromagnetic waves from the solar wind traveling down open ﬁeld lines. This might
even suggest that a site’s proximity to the AGO5 site might be more meaningful than its proximity to the
CGM pole (as indicated by a site’s CGMLat)—and that, maybe, the AGO5-AGO6 “CGMLat asymmetry” need
not require further explanation than CGM coordinates being ill equipped in describing the hydromagnetic
structure of the polar cap.
4.3.3. Testing Out AGO5 as the Center of the Polar Cap
Presuming that AGO5 is indeed deep in the polar cap, that the hydromagnetic activity at MCM can largely be
described by its proximity to the cusp on the dayside and closed ﬁeld line region on the nightside (as outlined
above), and that the AGO6 observations indicate that CGM coordinates have misclassiﬁed it as residing too
deep in the polar cap, we considered ways to construct new, observationally motivated “polar cap latitudes.”
At the least, it might be possible to design a scheme that better harmonizes a high-latitude site’s latitude
coordinate with the local-time morphological features observed there. If successful, the next logical step is to
ﬁgure out why such a scheme would work.
We started out simply, noting that to relabel sites with new polar cap latitudes, we would have to ﬁrst establish
where the center point of this system would lie. Clearly, to reduce AGO6’s latitude relative to AGO5, this point
would need to be displaced from the CGM pole in a direction that is away from AGO6. However, this must
be done while minimally aﬀecting the latitudes of the sites along the 80∘ S CGMLat parallel, which compare
favorably but not perfectly (e.g., see ﬁgures in Ballatore et al. [1998b] and Yagova et al. [2004]). Furthermore,
we require a central point that positions VOS closer in latitude to AGO5 and higher in latitude than AGO6.
Lastly, DMC must remain labeled as a deep polar cap site. Since AGO5 and DMC sit close to each other along
the SPA-AGO5-DMC-CGMPole-AGO6 meridian (see Antarctic map in Figure 1), it makes sense that new central
point be displaced in the direction of AGO5. Choosing DMC is too small a displacement and does signiﬁcantly
diﬀerentiate VOS and AGO6 in polar cap latitude. However, it turns out that the AGO5 location meets many
of the observationally motivated criteria required of the new polar cap central point.
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AGO5 colatitudes are simply deﬁned by the angular displacement of another location from AGO5. The AGO5
latitudes are then deﬁned in the usual way (90∘ colatitude). The resulting AGO5 latitudes are given in the ﬁrst
coordinate column of Table 3. These new latitudes successfully label VOS as higher in latitude than AGO6
and clearly delineate AGO5, VOS, and DMC as deep polar cap sites. Furthermore, many of the 80∘ S CGMLat
sites have been minimally aﬀected. Importantly, the new latitudes can be compared with observations: for
example, it places SPA at a higher polar cap latitude, which might make sense. Lanzerotti et al. [1991] found
that the local-time occurrence statistics for magnetic impulse events (MIEs) at SPA followed those of Region
1 FACs and concluded—at least during times when MIEs are observed—that SPA sits at a higher “eﬀective
magnetic latitude” than its CGMLat. AGO5 latitudes also position AGO1 and AGO4 deeper into the polar cap
(∼83∘ AGO5Lat) than SBA and DRV (∼80∘ AGO5Lat), and one might hypothesize that sites deeper into the
polar cap, closer to AGO5, DMC, and VOS—which have very weak diurnal variations—would have smaller
diurnal variations than sites that are further away. Indeed, AGO1 and AGO4 have been shown to have smaller
near-noon peaks than that observed at MCM or DRV [Yagova et al., 2004]. However, these features could simply be serendipitous. For example, presuming that the strength of the diurnal variation at a site is inversely
proportional to its AGO5 latitude does not work for AGO6, which is closer to AGO5 than DRV, but which has
a stronger diurnal variation than DRV [Yagova et al., 2004]. Furthermore, considering Figure 6 in Yagova et al.
[2004], they did not resolve the issue with the Mirney Station (MIR), which sits at ∼77∘ S CGMLat, but has a
local-time distribution similar in magnitude and morphology to AGO6 and the sites along the ∼80∘ S CGMLat
parallel. The AGO5 latitudes actually pushed MIR down in latitude a bit.
4.3.4. Motivation for Eccentric Dipole Coordinates
The AGO5 latitudes were a good start but clearly imperfect. They better labeled AGO6 and VOS but ran into
some diﬃculties along the way. To maintain some of the perceived strengths of the AGO5 latitudes, while
resolving some weaknesses, a better central point might be one that is displaced from the CGM pole in a
direction that simultaneously raises the latitudes of AGO5, VOS, and MIR.
Interestingly, this puts the origin right in the vicinity of the axial pole point of the eccentric dipole (ED) coordinate system [Fraser-Smith, 1987; von Biel, 1990], as can be seen in the Antarctic map (Figure 1). The latitude
labeling provided by the ED system organizes the aforementioned observations even better than the ad hoc
AGO5 coordinate system (Table 3) and also provides a physical interpretation: the spatial distribution of ULF
power in the polar cap region is highly structured by Earth’s dipole moment, which is better approximated
in the ED system than the centered dipole (CD) system. The higher-order poles become exceedingly weak
in the high-altitude ionosphere, and it is possible that noisy, stochastic ﬂuctuations associated with varying
and transient current systems in and around the polar ionosphere are of similar magnitude (or stronger). It is
possible that the eccentric dipole might serve as “eﬀective background ﬁeld” and that the lowest-frequency,
largest-amplitude pulsations are structured accordingly.
The ED system might not be perfect; however, what it does get right is interesting. ED latitudes (EDLats) put
AGO6 and MCM at similar latitudes, and more importantly, they show that AGO6 does not sit in the same
region of polar cap as DMC and AGO5. Furthermore, by positioning AGO6 farther from the pole but maintaining it at a higher latitude than MCM, the ED coordinates more naturally ﬁt the storyline described above
(AGO5 and open ﬁeld lines). The frequency- and latitude-dependent trend in the near-MLT noon enhancements from SPA up until AGO6, indicates that features at AGO6 share more in common with SPA than AGO5.
Our goal was, at the least, to ﬁnd a system whose latitudes could better classify the high-latitude sites in Yagova
et al. [2004] than CGM latitudes could. ED latitudes appear to do this. For example, sites may be classiﬁed as
follows: (i) Equatorward-Cusp (∼75–77∘ S EDLat), which includes SPA and DVS; (ii) Poleward-Cusp (∼78–84∘ S
EDLat), which includes TNB, SBA, MCM, MIR, DRV, AGO1, CSY, AGO4, SUD, and AGO6; and (iii) Deep Polar Cap
(∼85–90∘ S EDLat), which includes VOS, AGO5, and DMC.
It is also interesting to point out that eccentric local time (ELT) aligns the local-time morphologies of the magnetic east components at all the sites in the Pc4-Pc7 bands (Figure 9). This feature is not included in MLT
(Figure 8). However, this highlight comes at the cost of the disorganizing the magnetic north component,
which CGM MLT organizes well. MLT also performs slightly better at lining up the dominant peaks in the
horizontal component (Figure 10). In MLT, however, it is not immediately obvious why SPA has a dual-peak
structure: one at magnetic noon and another near dusk. This might be explained by looking at the SPA
local-time curves in ELT, where the split-peak structure is quasi-symmetric about eccentric noon.
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The observations in conjunction with ED
latitudes appear to provide suﬃcient evidence for the where the “deep polar cap”
region truly is, which might correspond
with the “surely open ﬂux region.” This
region is not described well in CGMLat.
Given the strengths of ED coordinates
outlined above, there appears to be a
strong case that the eccentric dipole plays
a role in structuring ULF power in the
polar cap region.
If the eccentric dipole indeed controls the
hydromagnetic structuring in the southern polar cap region, then it is possible
that these results apply in the Northern
Hemisphere as well—but in a slightly different way. As a dipole approximation to
the geomagnetic ﬁeld, while the eccentric dipole oﬀers a signiﬁcant improvement in accuracy over the centered dipole
(CD) model in the Southern Hemisphere,
it is apparently a relatively trivial improvement in the Northern Hemisphere
[Bartels, 1936]. However, this does not
take away from the major strengths of ED
Figure 9. Median ULF power as a function of eccentric local time (ELT),
magnetic ﬁeld component (columns), PcX band (rows), and geographic coordinates that we have described: it just
location (color). (left column) Magnetic north, (middle column)
means that CD coordinates and CD local
magnetic east, and (right column) vertical power in the (ﬁrst row) Pc7,
time (CLT) will likely show a similar eﬀect
(second row) Pc6, (third row) Pc5, and (fourth row) Pc4 ULF bands. For
that the ED coordinates and ELT do.
each plot in the matrix, median power at AGO5 (dark red), AGO6 (light
4.3.5. Eccentric Corrected Geomagred), MCM (light blue), and SPA (dark blue) is measured on the vertical
netic Coordinates?
axis, plotted against ELT on the horizontal axis. Each color-ﬁlled curve
represents the 99% conﬁdence intervals of the bootstrapped medians.
There have been attempts to improve
CGM coordinates in the past by using
time-varying models, such as the T-89
model, which could take into account external contributions and possibly improve conjugacy studies by
assigning more appropriate, event-speciﬁc CGM coordinates to a ground site [e.g., Papitashvili et al., 1992].
While these dynamically assigned coordinates are likely to be more accurate than CGM coordinates for any
given event, we think it is possible that there is also a simpler way to improve the CGM coordinates at high
latitudes, which maintain the simplicity of a quasi-static coordinate system.
The relative strengths and weaknesses of ED coordinates compared to CGM coordinates leads one to wonder if
a hybrid of the two systems would be able to combine all of their strengths. One idea that we think is plausible
are “eccentric corrected geomagnetic” (ECGM) coordinates. These could be computed by mapping along the
IGRF to the ED magnetic equator (instead of the CD equator), then assigning the corresponding EDLat and
EDLon of the ED ﬁeld line’s footpoint on the geocentric sphere as a site’s ECGM coordinates. Locally, the relative
ECGM coordinates at sites near each other will likely not diﬀer much more than their relative CGM coordinates.
Globally, however, for sites further and further away from each other, mapping down ED ﬁeld lines from the
ED equator will cause the relative diﬀerences between to be increasingly diﬀerent than the relative diﬀerence
in CGM coordinates. The spatial reparametrization in the polar cap region might be enough to successfully
combine the strengths of CGM and eccentric dipole coordinates.
4.4. Sunlight Conditions and Ionospheric Conductivity
Another potential driver of local-time proﬁles of ULF power might concern how long and at what MLT polar
cap sites are in sun light and how the ionospheric conductivity changes throughout the day. These features
are largely organized by geographic latitude (GLat) and geographic local time (GLT).
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Figure 10. Horizontal median power (on log axis) as a function of corrected geomagnetic local time (MLT) at AGO5
(red), AGO6 (light red), MCM (light blue), and SPA (dark blue) in the (top left) Pc7, (top right) Pc6, (bottom left) Pc5,
and (bottom right) Pc4 ULF bands. The circles in this ﬁgure correspond to geographic noon for the curve of the
corresponding color. Each color-ﬁlled curve represents the bootstrapped 68% conﬁdence interval for the median,
found by resampling (with replacement) each bin of local time 1000 times.

4.4.1. The Importance of Nonhomologous Components at High Latitudes
Lepidi et al. [2003] compared initial results from the magnetometer at Dome C (DMC) situated at (88.8∘ S
CGMLat, 75.1∘ S GLat) and compared them to data from the magnetometer at Terra Nova Bay (TNB) (now
referred to as “Mario Zuchelli Station”) located at (∼80∘ S CGMLat, 74.7∘ S GLat). Despite the signiﬁcant diﬀerence in CGMLat, geographically speaking, TNB and DMC are located at approximately the same latitude. This
allowed the authors to parse geographically and geomagnetically oriented eﬀects. Concerning Sq variations,
Lepidi et al. [2003] showed that in the polar cap region one cannot simply compare the magnetic north
observations at two locations, which can diﬀer signiﬁcantly, but must inspect both homologous and nonhomologous components to reveal similarities (e.g., the nonhomologous amplitudes of the daily variation at
DMC and TNB were shown to be similar, despite the disparity between the homologous components). More
importantly, this is also true concerning Pc6 band ULF power. Lepidi et al. [2003] found that diurnal variation of
Pc6 band power at the two sites is similar and that the ∼1 mHz ﬂuctuations are coherent, provided one compares the nonhomologous components. There is some evidence of this in Figure 8, e.g., if one only compared
the Pc6 band magnetic east components, the diurnal variation at SPA would seem fundamentally diﬀerent
than that at AGO6 or MCM but similar to AGO5; however, by also inspecting the Pc6 band magnetic north
components at each site (or by looking at the total horizontal power in the Pc6 band), SPA instead is found
to better resemble the diurnal variation at AGO6 and MCM. In the Pc4 and Pc5 bands, the diurnal variation
in both the homologous and nonhomologous components are similarly structured at AGO6, MCM, and SPA.
Lepidi et al. [2003] argued that this implicated that geographically oriented ionospheric currents are responsible for Pc6 band ﬂuctuations at high latitudes rather than ﬁeld-aligned currents, which likely structure the
diurnal variations in the higher-frequency Pc5 band.
4.4.2. Mixed Geographic/CGM Formalism
Yagova et al. [2004] also argued that local-time modulations in ionospheric conductivity is a strong driver of
the diurnally varying ULF intensity at a site (which evaluated using a metric they referred to as the day-to-night
power ratio and which we will denote as DNR herein).
Formally, Yagova et al. [2004] pointed out, to explain the asymmetries along the CGMLat parallels, one must
consider both geographic and CGM coordinates in the polar cap: speciﬁcally, the day-to-night Pc6/Pi3 band
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horizontal power ratio (DNR = PH ∕PH ) appeared to be inversely proportional to a site’s GLat and the
GLT-MLT oﬀset and directly proportional to its CGMLat, though they do not specify a functional form for this
relationship.
When considering the intersection between the SPA-CGMPole geographic meridian with any high-latitude
CGMLat parallel (see Figure 1), the relationships tell us the point of intersection at the lower GLat (where
GLT ≈ MLT) will have the highest DNR and that the DNR will quasi-symmetrically decrease along the CGMLat
parallel as one approaches the high-GLat point of intersection (where GLT ≈ MLT +12) from either side. On the
∼86∘ S CGMLat parallel, this predicts that the DNR at AGO6 will be higher than at AGO5, which is true. On the
∼80∘ S CGMLat parallel, it predicts that DRV and CSY have similarly large DNRs that MCM, SBA, TNB, and SUD
will have relatively moderate DNRs and that AGO1 and AGO4 will have the smallest DNRs on at this CGMLat
(see Figure 1); Yagova et al. [2004] indicate that this is true. Furthermore, since the CGMLat at MCM is less than
at AGO6, but its GLat is higher, these relationships would also predict that the total horizontal power at MCM
is less than at AGO6, which appears to be true (Figure 10). Comparison of just the east components in Figure 8
might falsely appear to suggest otherwise. Figure 8 shows that the magnetic east peak at AGO6 (330 nT2 ) is
smaller than the corresponding peak at MCM (358 nT2 ). Direct comparison of magnetic north components
indicates just the opposite (370 nT2 at AGO6 and 224 nT2 at MCM). However, the relationships cited in Yagova
et al. [2004] are for total horizontal power in the Pc6 band, not for homologous north-north or east-east comparisons between sites, which Lepidi et al. [2003] showed can be misleading in identifying magnitudes and
morphological features at high latitudes. For the median horizontal power (P̃ H = median(PN [MLT] + PE [MLT]),
the peak at AGO6 (650 nT2 ) is larger than at MCM (526 nT2 ), and so the relationship holds (see Figure 10).
AGO5 and MCM provide an example when |GLT − MLT| must be taken into account explicitly. Since the sites
are at approximately the same GLat, if we ignored |GLT − MLT|, the relative DNR between these sites would
depend exclusively on CGMLat: DNRAGO5 ∕DNRMCM = CGMLatAGO5 ∕CGMLatMCM > 1. However, this is clearly not
the case statistically (Figure 8) or day-to-day (Figures 6 and 7). Though a more extensive analysis is necessary
from many more sites, for the four sites in this study, we computed the quantity CGMLat ∗ (12 − |GLT −
MLTmod12|)∕GLat and found the values at least were ordered properly: AGO5 < SPA < MCM < AGO6. To
identify an actual equation for DNR would require much more analysis and locations.
In general, the qualitative relationships described in Yagova et al. [2004] seem to work fairly well in the
Pc6 band. To understand how the diurnally varying ionospheric conductivity above a site might inﬂuence
the DNR, they used the IRI-96 model [e.g., see Bilitza, 2001] to estimate at the climatological ionospheric
conductivities at the sites throughout the days relevant to their analysis. Speciﬁcally, they compared the
Max
) associated with a particular location to the DNR observed
maximum-to-minimum conductivity ratios (𝜎Rel
Max
there. At AGO6 (𝜎Rel = 20), they reported that the maximum and minimum conductivities are in phase with
Max
= 1.4),
MLT (GLT ≈ MLT), occurring near magnetic noon and magnetic midnight, respectively. At AGO5 (𝜎Rel
they reported that the maximum and minimum conductivities are in antiphase with MLT (GLT ≈ MLT + 12),
Max
occurring near magnetic midnight and magnetic noon, respectively. The high, in-phase 𝜎Rel
at AGO6, and
Max
the low, antiphase 𝜎Rel at AGO5 led Yagova et al. [2004] to conclude that there indeed appeared to be a
relationship between the Pc6/Pi3 band DNR observed at a high-latitude site and the similarly varying overMax
head conductivity. However, since they only quoted 𝜎Rel
for AGO6 and AGO5, it was not clear whether this
relationship was serendipitous or systematic.
However, these relationships do not appear hold in the Pc5 or the Pc4 band (e.g., see Figures 8 and 10). For
example, these ﬁgures show that SPA has the highest day-to-night power ratio in the Pc5 band, yet it is at
the highest GLat and a relatively low CGMLat. In the Pc4 band, AGO6, MCM, and SPA all have fairly equivalent
day-to-night power ratios in the horizontal ﬁeld, while—as usual—AGO5 has a mild day-to-night ratio and a
diﬀerent local-time proﬁle than the other sites.
4.4.3. Further Analysis
To look into this further, in Table 2 we provide some details concerning ionospheric conductivity and sunlight conditions for MCM and SPA, as well as for AGO5 and AGO6, at the beginning (27 January), middle
(27 February), and end (27 March) of the 63 day interval investigated herein.
AGO6 has one very large enhancement at GLT/MLT noon where the ionospheric conductivity is at maximum
and the site maps along the quasi-static portion of the geomagnetic ﬁeld (as represented by the IGRF main
ﬁeld model) to the subsolar point. This was previously identiﬁed as a cusp-related feature, but it is more
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likely that it is a combined eﬀect, driven by the cusp and enhanced by the strong ionospheric conductivity at
AGO6 noon.
The AGO5 local-time curves do not have the same strong peaks, but they do generally grow toward MLT
midnight, which corresponds to GLT noon, and is where the overhead ionospheric conductivity maximizes
(see Table 2). These pulsations have been attributed to magnetotail processes, which might indeed be
the case—but it is also likely that the higher GLT-noon ionospheric conductivity enhances their signature
observed on the ground. At AGO5, the dearth of power at MLT noon (GLT midnight) is likely due to a combined eﬀect as well. Since AGO5 is deep in the polar cap, it is far from the cusp-related ULF noise at MLT noon
observed by the lower latitude sites—and since MLT noon has the lower ionospheric conductivity throughout
the day, any weak signal that manages to propagate this far receives the least amount of ampliﬁcation.
If ionospheric conductivity is a strong driver of the local-time morphology, then at MCM, where GLT ≈ MLT-6
(i.e., magnetic dusk is at geographic noon), one would expect a strong peak-dip-peak in Figure 8, with one
peak at MLT noon (corresponding to cusp-related pulsations) and another peak near MLT/GLT dusk/noon
(corresponding to an ampliﬁcation in pulsation power due to increased ionospheric conductivity). From the
dearth of pulsation power at MLT/GLT noon/midnight at AGO5 and at MLT/GLT midnight/midnight at AGO6,
one might also expect that the morning sector pulsation power at MCM is signiﬁcantly cutoﬀ relative to the
dusk sector power.
These expectations are certainly met in Figure 8, and it is clear that there is a strong GLT control of pulsation
power in the polar cap corresponding to the diurnally varying, overhead ionospheric conductivity. For example, the Pc4 band magnetic east component displays the expected split-peak structure very clearly, and one
also sees this in the Pc4 band magnetic north and vertical components. Though the magnetic north component shows a single peak near MLT noon in the Pc6 band, the magnetic east component indeed shows a peak
that stretches from MLT noon to GLT noon, and the vertical component maximizes in between MLT and GLT
noon. Furthermore, the Pc7 band magnetic east component at MCM peaks at GLT noon. Looking at the total
horizontal power, GLT-noon enhancement at MCM shows up to some degree in the Pc4-Pc7 bands (Figure 10).
Despite these conﬁrmations, ionospheric conductivity cannot explain all that is seen in Figure 8. At the
beginning of the 63 day interval (27 January), AGO5 and MCM were both sunlit 100% of the time, while
AGO6 was 88.5% sunlit with sunset and sunrise occurring just before and after magnetic local midnight.
Furthermore, the relative (and absolute) conductivities at AGO5 and MCM are similarly valued in GLT (though
oﬀset by 6 h in MLT), and both have a similar maximum-to-minimum conductivity ratio (CR ≈ 2.5)—which
makes sense considering they are nearly identical in geographic latitude. The relative conductivities at AGO6
are roughly double the corresponding GLT values at AGO5 and MCM (CR = 5.38), but the absolute conductivities are fairly similar for most of the day. If the conductivity predominantly controlled the features and shapes
of high-latitude local-time power distributions at these sites, one would think that AGO5 and MCM exhibited similar morphological features in their Pc6 band local-time distributions, rather than AGO6 and MCM.
However, the conductivity serves only to amplify/dampen the magnetospheric pulsations incident on the
ionosphere. If AGO5 crosses under no diurnally persistent regions of pulsations day-to-day, then there is nothing to consistently amplify/dampen. This argument would apply to AGO6 as well if AGO6 observed a similar
overhead region in the deep polar cap. (Local-time median power during the ﬁrst, middle, and last third of
our study can be seen juxtaposed with the local-time conductivities in Figure 11.)
At the end of the 63 day interval, SPA was in complete darkness, while all three polar cap sites (AGO5, AGO6,
and MCM) were sunlit for ∼45% of the day. AGO5 (AGO6) sat in darkness throughout the magnetic dayside
(nightside) and was sunlit throughout the magnetic nightside (dayside). MCM was on the dark side was from
postmidnight to postnoon. Importantly, near the last third of the observation interval, AGO5, AGO6, and MCM
all observed an extremely similar absolute minimum local-time conductivity (on 27 March, it was identical),
and so the relative conductivities shown in Table 2 for these sites are directly comparable. If conductivity was
the culprit for the major diﬀerences between the local-time power at AGO5 and AGO6, then during this interval one should expect that AGO5 and AGO6 observe similar local-time power. They do not. AGO5 maintains
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its UT-dependent features, fairly independent of LT in general. In contrast,
AGO6 and MCM continue to show similar features in local-time power.
Figure 11 shows clearly how ionospheric conductivity at 100 km aﬀects
the local-time power at AGO5, AGO6,
and MCM (as described in Table 2, the
proportionality factors between the
Pedersen and Hall conductivities at
100 km and the parallel conductivity
at 100 km remain fairly constant over
these sites and over local time). The conductivity maxima at each site occur near
Figure 11. (top row) Pc6 band horizontal median power at AGO5 (red),
local geographic noon. The comparison
AGO6 (light red), and MCM (light blue), estimated for the beginning,
middle, and ﬁnal 21 day subintervals. Each color-ﬁlled curve represents
at MCM makes it clear to what extent
the bootstrapped 68% conﬁdence interval for the median, found by
the diurnally varying local-time conresampling (with replacement) each bin of local time 1000 times.
ductivity aﬀects the local-time power.
(bottom row) The local-time parallel conductivity at 100 km (computed
The near-magnetic noon enhancement
using the WDC conductivity model). All computed Hall conductivities
occurring at AGO6 does not just appear
were roughly 0.4% the parallel conductivity (𝜎H ≈ 𝜎|| ∕250), while all
Pedersen conductivities were roughly 0.02% the parallel conductivity
to look like that at MCM because of
(𝜎P ≈ 𝜎H ∕20 ≈ 𝜎|| ∕5000).
ionospheric conductivity. Furthermore,
while ionospheric conductivity is able
to modulate the local-time power to a small extent, its eﬀect is not observed strongly in both component at
MCM. There is also something else that must be considered to understand the picture fully.
4.5. Geomagnetic Coast Eﬀect
Detrick and Lanzerotti [2001] looked at the time series data from the AGO5/AGO6 pair to study geomagnetic
quiet time (Sq) variations at very high geomagnetic latitudes in eﬀort to compare with and improve upon
contemporaneous Sq models. To make data/model comparisons, the authors selected the ﬁve quietest days
in each month (as identiﬁed by the Kp index) between February 1997 and January 1998; for each of the ﬁve
quiet days in a given month, the authors low-pass ﬁltered, downsampled, and fast Fourier transformed the
data, isolated the 3, 6, 12, and 24 h Fourier spectra, and constructed ﬁve representative quiet time curves for
the month via the inverse Fourier transform; the average of these curves was then used as the data-derived
quiet time curves to be used in comparison with the model. AGO5 and AGO6 data-derived quiet time curves
exhibited signiﬁcant diﬀerence but appeared to both suggest that Sq variations near the corrected geomagnetic pole (as inferred from these two high-latitude sites) was a factor of 2 or more than suggested by the
models, independent of season. Detrick and Lanzerotti [2001] suggested that diﬀerences in the mantle conductivities at the sites can explain diﬀerences in the vertical component. Presuming that Sq and ULF variations
are typically horizontally polarized and that the local conductivity structure is a function of depth only, then
there should be minimal diﬀerences in the vertical component power observed at two sites. However, such
an eﬀect can arise by having a conductivity structure below that is not simply a function of depth [e.g., see
Gregori and Lanzerotti, 1980]. There may or may not be truth to this (the authors do not attempt to prove their
assertion).
One way to measure such an eﬀect is to estimate the correlation between the vertical component with total
or directional power in the horizontal plane. We computed correlations between the horizontal and vertical
components at each site independently for each of the Pc3-Pc7 bands, and all sites exhibit fairly high correlations: though AGO6 consistently has higher vertical-horizontal correlations than AGO5, which showed the
smallest correlations in each PcX band, they were often similar. A mantle eﬀect could be in play. Most striking,
however, are the vertical-horizontal correlations at MCM. Given MCM’s proximity to the coast, this might be
indicative of a similar eﬀect: the geomagnetic coast eﬀect.
In fact, from a quick glance at an Antarctic map (Figure 2), a mechanism one might invoke to explain the why
AGO6 and MCM have similar vertical components, which diﬀer signiﬁcantly from that at AGO5, could be the
geomagnetic coast eﬀect [Parkinson and Jones, 1979]. It is clear that AGO5 sits far inland of the sea and from the
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“inland eﬀect” one would expect pulsations at AGO5 to be largely conﬁned to the horizontal plane, resulting
in a statistically small vertical component; this is shown to be the case in Figure 8. On the other hand, MCM
and AGO6 appear fairly close to coastlines, in which case the pulsations would still lie in a plane, but one that
tilts vertically upward toward the nearest coastline and enhanced power overall in both components due to
conductive eﬀects in the sea water. This is not inconsistent the vertical median power we see at AGO6 and
MCM in Figure 8, which is comparable with the magnetic north and east components in the Pc6-Pc7 frequency
bands. The coast eﬀect is also not inconsistent with the relative power at AGO6 versus AGO5.
Looking again to the vertical-horizontal correlations, we ﬁnd that AGO6 and MCM do not clearly stand out
in this regard, and in fact though MCM is the closest site to a coastline, it often competes with SPA for
the highest correlations between its vertical and horizontal PcX spectral estimates. For example, comparing frequency-integrated spectral power over the full Pc3-Pc7 bands, the horizontal-vertical correlations at
AGO5, AGO6, MCM, and SPA were found to be 0.44, 0.62, 0.68, and 0.77, respectively. However, in the Pc5 and
Pc6 bands, the vertical-horizontal correlation at MCM is much higher (∼0.93) than at the other sites (∼0.75),
which is suggestive that the coast eﬀect could be prevalent at MCM. Importantly though, is the coast eﬀect
also in play at AGO6?
Though in the AGO6 looks fairly close to the coast in the Antarctic map in Figure 1, it is actually ∼2.5∘ from
the coast in geographic latitude. On a geocentric sphere of the Earth’s mean radius, this corresponds to
∼ 2.5 × 6371 (km) in arc length. However, the coast eﬀect is typically quoted as viable up to about 500–1000
(km), in which case, it would appear unlikely that this eﬀect could explain the diﬀerences between AGO5
and AGO6. However, looking at the Antarctic map in Figure 1, it is diﬃcult to dismiss the possibility that the
azimuthal asymmetries observed in Yagova et al. [2004] are structured by the increasing proximity to the ocean
as |GLT − MLT| decreases along the CGMLat parallels.
Tanskanen et al. [2001] showed that magnetic variations at stations that experience a coastal eﬀect are
10–20% larger than inland stations—thus, the ULF power can be 21–44% higher at coastal stations than
inland stations when observing the same ionospheric contributions. Though AGO5 and MCM are located
at the same geographic latitude and have similar relative and absolute diurnal variations in their overhead
ionospheric conductivity as a function of GLT, the ULF power at MCM is extraordinarily enhanced relative
to AGO5. Some of this is likely attributable to the coast eﬀect. However, even at 21%–44% the ULF power,
the local-time morphologies at MCM and AGO5 still diﬀer, that is, because both ionospheric and coastal
conductivity eﬀects only serve modulate and amplify the pulsation structure attributable to their diﬀerent
magnetospheric projections.
It is likely that a coast eﬀect works in tandem with the ionospheric eﬀect posited by Yagova et al. [2004] (and
conﬁrmed above) to drive the morphology and magnitude of the local-time distributions at a high-latitude
Antarctic ground site. Starting from a magnetic local-time distribution described purely by a site’s proximity to the cusp, the local-time power is ampliﬁed proportional to its proximity to geographic noon, which
modulates the form of the local-time distribution. For example, it is likely that AGO5 observes no diurnally
periodic magnetospheric sources, and most of its form is owed to this ionospheric modulation. At MCM, this
ionospheric modulation should cause a split-peak (or extended) at MLT noon and MLT dusk (GLT noon) and a
relative dearth of power at dawn. While the dearth at dawn is noticeable in both the magnetic north and east
components, the split peak is only evident in the magnetic east component. Furthermore, the magnetic east
component carries more power than the magnetic north component at MCM. These features are caused by
the coastal eﬀect, which (i) enhances the horizontal component in the direction of the nearest coastline and
(ii) mixes the variations in that component into the vertical component. At MCM, the nearest coastline is magnetic east, and the vertical-east mixing is most evident in the Pc4 band in Figure 8. There is also some evidence
of this eﬀect at AGO6, where the nearest coast is magnetically southeast of AGO6 and GLT noon is 1300 MLT:
in this case, both the magnetic north and east component will be slightly enhanced and there should be evidence of a very closely spaced split peak in one or both of the horizontal components and in the vertical. This
is seen fairly well across PcX bands in both Figures 8 and 9. This also explains why Ballatore et al. [1996] and
Ballatore et al. [1998a] found that the magnetic east component dominates the horizontal power at TNB and
MCM, and why Lepidi et al. [2003] found it essential to compare nonhomologous components between TNB
and DMC (see Antarctic map in Figure 1). Both TNB and MCM are likely to be driven by a strong coastal eﬀect
in their magnetic east components, while DMC is far inland.
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Table 4. High CGM Latitude (MLat∗ ) Sites in the Northern and Southern
Hemispheres, Sorted by CGM Longitude (MLon∗ ) (0 < lon < 360)a
Site

MLat∗

MLon∗

ΔMLon∗

AGO1

−80.21

16.90

198.23

AGO5

−86.70

29.68

185.45

THL

85.24

31.73

183.4

SVS

83.48

35.50

179.63

AGO4

−80.10

41.49

173.64

VOS

−83.51

54.48

160.64

DMC

−88.68

55.56

159.57

ALE

87.06

97.57

117.56

NRD

81.05

104.18

110.95

SUD

−81.13

108.03

107.1
58.68

CSY

−80.85

156.45

AGO6

−84.99

215.13

0.0

DRV

−80.64

235.76

−20.63

TNB

−80.09

307.89

−92.76

83.34

319.90

−104.77

MCM

−80.01

327.56

−112.43

SBA

−79.99

327.56

−112.43

RES

a ΔMLon∗

indicates the longitudinal separation of a site from AGO6,
highlighting that the CGM longitudinal sector occupied by AGO6 is
sparsely populated in both the Northern and Southern Hemispheres.
Observational data from AGO6 have been integral in illustrating peculiarities that emerge when describing site locations in CGM coordinates;
unfortunately, the site last recorded data in 2001. CGM coordinates computed for year 2000 at 100 km altitude using Shepherd’s ﬁeld line tracing
algorithm.

4.6. A Sparsely Populated Region in the Polar Cap
We have extensively shown that ULF power at high latitudes cannot trivially be inferred by a site’s CGMLat.
For example, the average ULF power as a function of CGMLat and MLT shown in Yagova et al. [2002, Figure 5]
is derived from a quasi-meridional chain of magnetometers scattered within ∼13∘ of 42.5∘ E CGMLon; considering the ULF power observed at AGO6 (and our conclusions based on them), it is doubtful that these results
also describe what would be found along a similar quasi-meridional chain at ∼225∘ E CGMLon.
Unfortunately, AGO6 last collected data in 2001. Given the importance of the AGO6 location in this study,
observation sites near and around the location of AGO6 should be installed in the polar cap, so that we can
better understand the open/closed ﬁeld line and hydromagnetic structure. Without AGO6, to our knowledge,
there is currently no high-latitude sites in the same CGM longitude region (∼215∘ E CGMLon) in both
the Southern and Northern Hemispheres; see Table 4. In the South, DRV is nearby in CGM longitude
(∼236.0∘ E CGMLon), but 5–6∘ to low in CGM latitude (∼80∘ S CGMLat). Additional sites in this region can help
better understand the limitations in our understanding of how the ground-level polar cap maps into the outer
magnetosphere and solar wind.

5. Conclusions
By focusing on the features observed at AGO5, AGO6, and MCM and relying heavily on published observations of other high-latitude sites in Antarctica, we have extensively shown that a site’s CGM coordinates do
not necessarily indicate how that site projects into the magnetosphere. We have shown that ED latitudes
better discriminate which high-latitude sites sit deep in the polar cap and which sites sit at the periphery.
Observationally, deep polar cap sites (AGO5, DMC, and VOS) lack a strong diurnal variation and exhibit no
near-noon, cusp-related enhancement in ULF power across the Pc4-Pc7 bands. Instead, enhancements in ULF
power at deep polar cap sites are irregularly distributed in time (UT dependent). Presumably, this is because
they sit deep in the open ﬂux region, mapping into the magnetotail lobes, and thus are largely driven by solar
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wind and magnetotail processes. ED latitudes indicate that this region begins near ∼85∘ S EDLat. In contrast,
peripheral polar cap sites (i.e., poleward-cusp sites, such as MCM, AGO6, TNB, and equatorward-cusp sites
such as SPA) observe a strong near-MLT noon enhancement across the Pc4-Pc7 bands. Sites at lower ED latitudes dominate the horizontal near-MLT noon enhancement in higher-frequency PcX bands, while sites at
higher ED latitudes (up until the deep polar cap cutoﬀ ) dominate in lower frequency PcX bands. For example,
SPA dominates MCM and AGO6 in the Pc5 band. MCM dominates AGO6 in the Pc5 band and is about
equivalent to AGO6 in the Pc6 band, where both dominate SPA. At the highest ED latitude, AGO6 dominates
the near-noon enhancement in the Pc7 band. Somewhere near ∼84∘ S EDLat, this trend ceases to exist and the
deep polar cap begins. CGM latitudes are incapable of organizing this structure. However, CGM MLT does better organize the magnetic north and horizontal local-time morphologies (Figures 8 and 10), while ELT appears
to do this best in the magnetic east component (Figure 9).
We have also shown that the local-time morphology of the median power slightly diﬀers from site to site in the
peripheral polar cap region. A major diﬀerence, for example, is the amplitude of the near-noon enhancement
along a CGM latitudinal parallel. Yagova et al. [2004] noticed that the enhancement amplitudes along a parallel in the Pc6 band are inversely proportional to the diﬀerence between magnetic and geographic local time,
|GLT − MLT|, at a site, and directly proportional to a site’s proximity to the CGM pole. They showed that this
eﬀect is likely due in part to the diurnally varying ionospheric conductivity at an observation site: sites with
in-phase magnetic and geographic local times (such as AGO6; see map in Figure 1) show the strongest modulation, while sites with out-of-phase geographic and magnetic local time (such as AGO5) show the weakest.
While we agree that ionospheric conductivity plays a part in this modulation, we show that this formalism
fails to work as well (or at all) outside of the Pc6 band (e.g., see Figure 8). By looking also at the Pc4, Pc5,
and Pc7 bands, we showed that the amplitude of the near-MLT noon enhancement in a given PcX band is
dependent on a site’s ED latitude up until the cutoﬀ latitude that marks the beginning of the deep polar cap.
However, we also show that ionospheric conductivity indeed has some control in modulating the local-time
ULF power, as evidenced by sites like MCM, whose geographic and magnetic local times are not strongly inor out-of-phase like AGO5 and AGO6, and thus show a dual-peak structure—a cusp-related peak at MLT noon
and an ampliﬁcation by ionospheric conductivity near GLT noon (e.g., see Figure 11). The eﬃciency of ionospheric conductivity in amplifying pulsation power can be estimated by contrasting the local-time power with
the local-time conductivity at AGO5, AGO6, and MCM in Figure 11. The eﬀect does not appear to be strong
enough to suggest that both AGO5 and AGO6 would exhibit similar local-time pulsation power if the ampliﬁcation and dampening eﬀects of ionospheric conductivity were corrected for but instead further conﬁrms
the ED description of the polar cap, in which both AGO6 and MCM sit outside the deep polar cap.
The remaining feature not explained by ED latitudes and ionospheric conductivity that we addressed concerned which horizontal components (magnetic north, magnetic east, or both) distinctively showed the
near-geographic noon enhancement and dominated the horizontal power. We showed that these features
are likely due to the geomagnetic coast eﬀect, which enhances the component in the direction of the nearest
coastline and mixes this component’s features into the vertical component. At MCM, the coast eﬀect enhances
the magnetic east component and in turn works with the ionospheric conductivity to produce a distinguished
peak near geographic noon in this component only. At AGO6, the nearest coast is magnetically southeast,
and accordingly a closely spaced split peak (MLT − GLT = 1) is observed in both magnetic north and magnetic
east components in several of the PcX bands (visible in the Pc6 and Pc7 bands in Figures 8 and 9).
The coast eﬀect can also help explain the azimuthal asymmetry in CGMLat parallels in the Pc6 band, which in
part were resolved in the ED- and frequency-dependent picture described above. Though the CGM azimuthal
asymmetries can be partly driven by the amplitude and phase of the diurnally varying ionospheric conductivity, parametrized by |GLT − MLT|, it appears possible that the coast eﬀect might also contribute to this eﬀect.
Looking at the map in Figure 1, it is clear that the coastline adjacent to the high-latitude CGM parallels is also
fairly well parametrized by |GLT − MLT| in Antarctica (especially near ∼80∘ S CGMLat). For example, Yagova
et al. [2004] show that the amplitude of the near-noon enhancement at DRV and CSY is greater than that at
SUD, which is greater than that at AGO1 and AGO4: |GLT − MLT| is directly proportional to the distance of
these sites to the nearest coastline.
Given these observations, CGM coordinates should be used with caution at polar and near-cusp latitudes in
Antarctica. This caution likely applies in the Northern Hemisphere as well. Despite the ED approximation being
a trivial improvement to the CD approximation in the Northern Hemisphere [Bartels, 1936], this likely does
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not take away from the organizational power of ED latitude in discriminating where sites sit in the polar cap,
and the potential we have identiﬁed in ELT for organizing the magnetic east component: it just means that
CD latitude and local time (CLT) will likely show similar strengths as ED latitude and ELT. To better understand
why ED latitudes appear to better organize the polar cap hydromagnetic spatial structure than CGM latitudes,
and how to best deﬁne magnetic local time in this region, magnetometer sites should be installed in the
region where AGO6 once collected data, which is sparsely populated in both the Northern and Southern
Hemispheres (Table 4). This might help understand how magnetic local time should be deﬁned in the polar
cap region.
In summary, we conclude that the diﬀerences in the magnitude and morphology of the local-time ULF power
observed at AGO5 and AGO6 are primarily driven by diﬀerences in the ionospheric/magnetospheric region
under observation and that diﬀerences in their ionospheric, deep mantle, or coastal-associated conductivities are only secondary eﬀects. Likewise, we conclude that the nominal magnetospheric projections of MCM
and AGO6 is the largest driver of the observed similarities in their local-time power. Again, diﬀerences in ionospheric, deep mantle, and/or coastal-associated conductivities serve as second-order eﬀects, which modulate
the dominant sources of local-time power, especially at the sites closer to the coast along which sites such as
MCM, TNB, DRV, CSY, MIR, and DVS are located, where both the relative and absolute amplitude of the daily
ionospheric variation, and coastal conductivity are at their strongest.
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